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The g rea t tragedy of Science -  
the slaying of b eau tifu l hypothesis by ugly fact*.
Thomas Henry Huxley, biogenesis and A biogenesis’ <1870)
This th e s is  is  dedicated to  my parents: for th e ir  love, support and 
encouragement, and to  the memory of Stan Tomkins 
who sadly did not live  to  see i t s  completion.
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ABSTRACT
The present work has been conveniently divided in to  two separa te  sections, 
and i t  is  necessary to  explain the need for th is  unusual course of action. As 
outlined in the Acknowledgement section, th is  research work was funded by two 
separate  bodies, the U.S. Navy and the Ministry of Defence. The f i r s t  year’s work 
was in ita lly  intended to  be solely  a single year’s research post and the U.S. 
Navy funding provided was only ever intended to  be su ffic ie n t for th a t time. 
However, a f te r  several months in to  the research programme, the opportunity to  
pursue a Ph.D. was fa c ilita te d  by the attainm ent of a generous S.E.R.C./M.o.D. 
grant. The m aterials synthesized and characterized in the two volumes are 
closely re la ted  and find use in sim ilar fie ld s  of application. In p a rtic u la r  the 
a lly l-functionalized  derivative of Bisphenol-A, 2,2’-M s(3 -a lly l-4 -  
hydroxyphenyl)isopropylidene figu res p a rticu la rly  strongly  in both areas of the 
research as both a parent compound for a number of Surface acoustic  wave (SAW) 
vapour sensor coatings, and also as the parent compound for severa l p o ten tia l 
matrix res in s  in the second section of the research. The two funding bodies are 
quite  d isc re te  from one another and during the course of the preparation  of 
th is  th esis  large portions of manuscript were edited by superv iso rs/consu ltan ts  
from both establishm ents. In the in te re s ts  of d iscretion  i t  was decided a t a 
very early  stage  to  divide the th e s is  in to  two, thus enabling each volume to  be 
safely  submitted for discussion without fear of causing any offence to  e ith e r 
funding body.
VOLUME 1
Chapter 1 provides an in troduction to  the scope of gas liqu id
chromatography and the applications of p iezoelectric ity . A survey of the 
l i te ra tu re  concerning surface acoustic wave (SAW) devices is  presented, along 
with the scope of the work.
Chapter 2 ou tlines the synthesis and p u rifica tion  of a range of eighteen 
derivatives of parent bisphenols by a range of techniques including 
rec ry sta lliza tio n , solvent washing, and d is t i l la t io n  under reduced pressure.
Chapter 3 d iscusses the te stin g , using the GLC method, of th ir te e n  of the 
prepared m aterials. Of these compounds five were phenols th a t are  liqu id  a t 
room tem perature and which are therefo re  of p o ten tia l use as SAW coatings. Two 
simple phenols were also included for the purposes of comparison. Of the 
remaining so lid  compounds one was su ffic ien tly  low melting to  allow evaluation 
of i t s  so lu b ility  properties using the GLC method. Summaries of the regression  
equations revealed tha t two compounds derived from Bisphenol-AF6 (phases H and 
I) are ex trao rd in a rily  strong hydrogen-bond acids, w hilst being ra th e r weak bases 
and exhibit only small dipolar e ffec ts . They are therefo re  highly se lec tiv e  
towards hydrogen-bond bases. Phase I would seem to  be a usefu l addition to  the 
complement of GLC sta tio n ary  phases as well as a p o ten tia l coating fo r SAW 
phases. Phase D also  appears to  be a coating th a t is  se lec tiv e  according to  the 
size  of the so lu te  molecule. Additionally, the re s u lts  for the sulphone (phase J) 
derived from Bisphenol-S, although a solid  a t room tem perature and hence not 
su itab le  for use as a SAW coating, suggest th a t i t  might be a u sefu l acid ic GLC 
sta tio n ary  phase.
Chapter 4- presen ts the re s u lts  of a d ilu te  so lu tion  FT-IR study of a 
se r ie s  of hindered bis-phenols. The orthcr-effec t is  demonstrated to  occur in 
those compounds containing a m-system adjacent to  a hydroxyl group, and the 
regression  re su lts  obtained in Chapter 3 are ra tionalized  in the lig h t of th is  
FT-IR study.
VOLUME 2
Chapter 1 provides an in troduction to  general p rincip les of polymer science 
including polymerization processes, the background to  h e a t- re s is ta n t polymer 
development, and the scope of th is  area of the work.
Chapter 2 outlines the synthetic  procedures employed in the preparation  of 
a varie ty  of bis-maleimides, aspartim ides (from two a lte rn a tiv e  p reparative  
rou tes) and a ry l cyanate e s te rs , and the conditions for the an a ly tica l 
operations. The th eo re tica l basis for some of the analy tica l techniques (DSC,
TGA and DMTA, etc.) employed in the analysis of both monomers and polymers is
a lso  discussed in g rea te r depth.
Chapter 3 contains an introduction to  the general fea tu res  of bis- 
maleimide-type re s in s  and addition polyimides, and a short review of th e ir  
l i te ra tu re . The thermal behaviour of the aspartim ides, as revealed by dynamic 
DSC, is  discussed with p a rticu la r emphasis on the e ffec t of monomer purity , and
the re la tionsh ip  between reactive  double bond content and polymerization
enthalpy. The DSC data is  fu rth e r analyzed using a simple nth-o rder k inetic  
model to  yield second order Arrhenius param eters over a wide range of 
conversion. The thermal s ta b i l i t ie s  of a number of poly Caspartimides) in 
nitrogen (determined by dynamic TGA) are compared and the influence of the 
resin  matrix s tru c tu re , and deleterious e ffe c ts  of solvent discussed. Dynamic 
mechanical p roperties of the neat poly (aspartimide) res in s  were evaluated using 
DMTA and the influence of cro ss-link  density, chain f le x ib ility , and chain 
s tru c tu re  on g lass  tra n s itio n  tem perature is  discussed.
Chapter 4 ou tlines the h is to ry  of cyanate e s te r  resins, th e ir  general 
featu res, and the relevant l i te ra tu re  concerning these compounds. The therm al 
polymerization of the cyanate e s te r  monomers (evaluated using dynamic DSC) is  
discussed and the data used to  y ield f i r s t  order k inetic  param eters over a wide 
range of conversion. The catalyzed polycyclotrim erization reaction  was also
analyzed in the same manner, and the e ffe c ts  of monomer purity , heating  ra te ,
and level of ca ta ly sis  on the DSC thermogram p ro file  are discussed. The therm al 
behaviour of a model functionalized cyanate e s te r  was evaluated and the  e ffe c ts  
of various additives (e.g%, in i t ia to r s  and inh ib ito rs) investigated . The therm al 
cure of both a monofunctional cyanate e s te r  and commercial dicyanates was 
monitored using a se r ie s  of analy tica l techniques (DSC, FT-IR, 13C nmr and 15N 
nmr) and good agreement was obtained between a l l  methods. I t  is  believed th a t 
th is  is  the f i r s t  time tha t 1SN nmr has been applied to  the  monitoring of
cyanate e s te r  cure. The thermal s ta b i l i t ie s  in n itrogen of a newly-prepared 
functionalized cyanate e s te r  was evaluated using dynamic TGA and compared
favourably with th a t of two commercial poly (cyanurates). The dynamic mechanical 
properties of the newly-prepared functionalized dicyanate e s te r  and a commercial 
m aterial were evaluated using DMTA -  the functionalized monomer required
-  V -
repeated cycling to  achieve fu ll  cure and a high Tg. Single c ry s ta l X-ray 
d iffrac tio n  techniques were applied in the determ inations of two monomer 
s tru c tu res .
Chapter 5 concerns copolymers, blends and in te rpenetra ting  network resins. 
Two commercial copolymer blends (Matrimid 5292 and BT-resin) were formulated 
along with severa l combinations involving newly-prepared m aterials. The thermal 
s ta b i l i t ie s  of the copolymers and blends in nitrogen were analyzed by dynamic 
TGA, and by DMTA to  obtain th e ir  dynamic mechanical p roperties. Heteronuclear 
(1 3 C) nmr techniques were employed to  confirm the coreaction via an ‘eneVDiels- 
Alder mechanism of the components of the commercial resin , Matrimid 5292. The 
technique was also applied to  the a lly  1- functionalized cyanate ester/m aleim ide 
reaction, and a reaction mechanism is  proposed. The proposed cure mechanism of 
the commercial BT-resin was investigated  by 15N nmr and i t  is  suggested tha t 
the two res in  components (a bis-maleimide and a dicyanate e s te r)  do not react 
chemically, but undergo homopolymerizations to  form an in te rp en etra tin g  network.
© Ian  Hamerton 1991
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A Coated area of SAW device (m2).
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Bx Cross second v ir ia l  coeffic ien t between so lu te  vapour and
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KSaw P a rtitio n  coeffic ien t obtained from SAW measurements,
K’ Absolute P artition  coeffic ien t as ECHO,
k, M aterial constant for p iezoelectric  su b stra te .
k2 M aterial constant for p iezoelectric  su b stra te .
1 Magnitude of so lu te  s ize /d ispersion  parameter.
I GLC column length (m).
L2 16  Ostwald so lu b ility  coeffic ien t of so lu te  vapour on n-hexadecane
at 298.15 K.
LogLa1 6 Combined measure o f the so lu te  size  and dispersion contribution
to so lu te  d issolution,
In “N atural logarithm of ....”.
(m) Medium (of signal in ten s ity  in FT-IR).
mp Melting point (K).
m8 Mass of vapour partitioned  in s ta tio n ary  phase (g).
mv Mass of vapour p artitioned  in vapour phase (g).
nmr Nuclear magnetic resonance OH, 1 3 C, and 15N nmr in th is
research).
Pi In le t pressure of column containing s ta tio n ary  phase (mmHg).
P0 Outlet pressure of column containing sta tio n ary  phase (mmHg).
Pu Vapour pressure of soap so lu tion  in bubble flow meter (mmHg).
ppm Parts  per million.
(q) Quartet (in *H nmr).
R Gas constant (0.08205 l.atm/K/mol).
ref. Reference number (of l i te ra tu re  source).
s Magnitude of p o la rity /p o la rizab ility  parameter.
(s) Singlet (in *H nmr); Strong (of in ten s ity  in FT-IR).
SAW Surface acoustic wave.
T Temperature (usually re fe rs  to  absolute (K) unless otherw ise
stated).
t Time (in hours/m inutes/seconds).
(t) T rip le t (in *H nmr).
Tc GLC column tem perature (K).
Tw Temperature of bubble flow meter (K).
T H2o Temperature of soap so lu tion  in bubble flow meter CC).
TMS Tetram ethylsilane OH nmr reference standard).
t M Retention time of unretained methane sample (seconds).
t R Retention time of so lu te  (seconds).
VQ Specific re ten tio n  volume a t the column tem perature (cm3).
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VL Volume of s ta tio n ary  phase on GLC column (cm3).
VM Retention volume of unretained (methane) standard (cm3).
VN Net re ten tion  volume of so lu te  chromatographed on s ta tio n ary
phase (cm3).
VR Measured re ten tion  volume of so lu te  (cm3).
VR* Adjusted re ten tio n  volume (cm3).
Vr Rayleigh wave/SAW velocity  in p iezoelectric  su b s tra te  (m/s).
V2 Solute size parameter.
Vj.® P a rtia l molal volume of so lu te  in the s ta tio n ary  phase
(mole/kg).
(w) Weak (of signal in ten s ity  in FT-IR).
GREEK SYMBOLS.
а, Kamlet and Taft solvent hydrogen-bond acid ity  parameter.
ct2 Kamlet and Taft so lu te  hydrogen-bond acid ity  parameter.
oc2H Abraham so lu te  hydrogen-bond acid ity  parameter.
p, Kamlet and Taft solvent hydrogen-bond basic ity  parameter.
p2H Abraham so lu te  hydrogen-bond b asic ity  parameter.
7  Activity coeffic ien t.
б , Solvent p o la rizab ility  correction factor.
52 Solute p o la rizab ility  correction factor.
(SH2 )i Hildebrand cohesive energy density  of solvent.
Afs Perturbation in frequency of SAW device caused by mass of
applied film (kHz).
Afv Vapour frequency s h if t  (Hz).
X Lam6  constant of SAW device coating,
p Shear modulus of SAW device coating.
ti,* Solvent d ip o la rity /p o la rizab ility  parameter.
tt2* Solute d ip o la rity /p o la rizab ility  parameter,
p, Density of SAW device coating (kg/m3).
© Liquid loading of GLC column packing (%).
©' Ratio of liquid  loading to  column support mass.
SUBSCRIPTS
G Denotes spec ific  parameter.
GLC Measurement obtained from gas-liqu id  chromatographic method.
H20 Measurement pertain ing  to  bubble flow meter solution,
i  GLC column in le t.
L Refers to  liqu id  (sta tionary) phase.
M Refers to  methane in te rn a l standard.
N Denotes net measurement.
0 GLC column o u tle t.
r  Parameter re fe rs  to  Rayleigh wave (SAW).
S Parameter re fe rs  to  s ta tio n ary  phase.
SAW Measurement obtained from SAW device method.
V Parameter re fe rs  to  vapour (gaseous) phase.
1 Parameter re fe rs  to  Solvent (i.e., GLC sta tio n ary  phase or SAW 
device component).
2 Parameter re fe rs  to  so lu te  (compound to  be chromatographed). 
SUPERSCRIPTS
H Refers to  new scale  of hydrogen bond character.
Denotes absolute measurement (under standard conditions).
16' Referenced to  n-hexadecane.
r  Refers to  reference solute,
u Refers to  ‘unknown’ solute.
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CHAPTER It INTRODUCTION
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(1.1) AN INTRODUCTION TO THE SCOPE OF THE GAS CHROMATOGRAPHIC METHOD
(1.1.1) Historical Perspective
In recent years gas chromatography (GC) has proved to  be one of the 
most usefu l analy tica l techniques, p a rticu la rly  su itab le  and convenient in 
the study of the so lu b ility  of gaseous so lu tes  and vapours in liquids.
When James and Martin*90’ introduced ga s-liq u id  chromatography in 1952 
they stim ulated a rapid development of both gas -liq u id  and gas -so lid  forms 
of the technique. Within a decade, gas chromatography was firmly 
estab lished  as a powerful and v e rsa tile  method of analysis.
The technique has also  undergone rapid development as a means of 
studying a g reat varie ty  of physical processes. This began p a rtly  because 
i t  was necessary to  ra tio n a lize  the ana ly tica l p roperties of so lu te s  and 
s ta tio n ary  phases and to  find a th eo re tic a l basis  for improving column 
performance. Martin and Synge were the f i r s t  to  use any form of 
chromatography fo r physicochemical measurement. In th e ir  Nobel P rize- 
winning paper” 36’ of 1941 they not only introduced liq u id - liq u id  
chromatography, but also  developed a chromatographic p la te  theory which 
they used to  measure liqu id -liqu id  p a rtitio n  coeffic ien ts.
Some eleven years la te r , in 1952, James and Martin published th e ir  
c lassic  paper*90’ introducing a second form of GC, namely g as-liq u id  
chromatography (GLC). The e a r lie s t  physical measurements by GLC date from 
1955 and 1956 when boiling points, p a r titio n  coeffic ien ts , and heats  and 
entropies of so lu tion  fo r a v o la tile  so lu te  dissolved in a non -v o la tile  
solvent were obtained using the techn ique/47’ The value of the technique 
was quickly appreciated -  in 1956 Martin” 37’ observed th a t 4,the method o f  
gas chromatography provides perhaps the ea sie s t o f  a ll means o f  studying  
the thermodynamics o f  the in teraction  o f  a vo la tile  so lu te  with a non­
vo la tile  solvent, and i t s  p o ten tia l value fo r  providing th is  type o f  data 
should be very grea t."
Subsequent h is to ry  has amply confirmed th is  fo recast, and in the la s t  
th ir ty -fo u r  years the range of types of physicochemical measurement 
encompassed by GC has expanded enormously. At the same time many of the
3  -
early  lim ita tions on v o la tility , concentration, and other conditions have 
been overcome thus allowing the scope of the technique to  branch out in 
many d iffe ren t d irec tions (and extend in to  a g rea t varie ty  of fie ld s  of 
study). The method now allows physicochemical measurements to  be eas ily  
made which now yield quick, accurate and precise re s u lts  with re la tiv e ly  
cheap instrum entation.*47*87' 12tn
(1.1,2) Type o f Measurement Concerned
There are four ways in which gas chromatography may be rou tinely  used 
experimentally:
1. For physicochemical measurement (e.g., p a r titio n  coeffic ien ts , a c tiv ity  
coeffic ien ts, and vapour pressures, etc.);
2. For preparative work (in which conventional gas chromatography is
scaled up to  produce q u an titie s  of pure compound in su ffic ie n t 
quantity  to  be collected a t the ex it of a non-destructive d e tec to r -  
analogous to  p reparative HPLC);
3. For measuring miscellaneous param eters (e.g., molecular weights,
surface areas, and s tru c tu ra l  assignments of isomers, e tc ) ; and
4. For studying k inetic  and transpo rt processes.
Physicochemical p roperties  were of in te re s t in th is  research  (in
p a rticu la r p a rtitio n  coeffic ien ts). Equilibrium properties  can be obtained by 
measuring the re ten tio n  time of the so lu te  in question, and the 
physicochemical property studied (i.e., P a rtitio n  coeffic ien t, K) is  derived 
from measurements based on the chromatographic processes occurring on the 
column. The GC method lends i t s e l f  n a tu ra lly  to  observations made a t 
in f in ite  d ilu tion  or a t low concentrations of the v o la tile  so lu te  . 
P a rticu la r fea tu res  of GC which commend i t s  application to  obtaining
physical measurements are i t s  e sse n tia l sim plicity  and the speed with which 
large amounts of data can be obtained.
-  4 -
(1.2) PRINCIPLES OF GAS CHROMATOGRAPHY
Chromatography is  a process which involves d is tr ib u tio n  of a so lu te
between two phases: a mobile phase (throughout th is  th e s is  the term so lu te  
i s  used even when the mobile phase is  a gas) and a s ta tio n a ry  phase. The 
two phases are  mutually well dispersed with a large area of contact.
There are  two qu ite  d iffe ren t methods of using GC to  obtain
physicochemical data through s tu d ies  of vapour-liquid equ ilib ria :
1. S ta tic  head-space analysis. This technique (in which GLC is  used simply 
as an analy tica l method of determining so lu te  concentrations) is  w ell-
estab lished  and a number of papers on the determ ination of vapour-liquid 
eq u ilib ria  have been published / 3 *A*6*7*8 > The methodology used in th is  type 
of analysis involves s e tt in g  up a d ilu te  so lu tion  of two so lu te s  in a given 
solvent (Figure 1.1), which is  therm ostat ted and allowed to  come to
equilibrium  with the gas above the solution.
One of the so lu te s  is  taken as a standard and i t s  p a r tit io n  
coeffic ien t is  accurately  known, while the remaining so lu te  is  the  one to  
be investigated . Samples of the  vapour phase and the liqu id  are  withdrawn 
separa te ly  and analyzed by ana ly tica l GLC. The areas of the re su ltin g  peaks, 
together with the known p a rtitio n  coeffic ien t of the standard so lu te  are  
then used to  calcu la te  the p a rtitio n  coeffic ien t for the unknown so lu te .
<►—  gas syringe
rubber 
septum
head space * ■ head-space 
flask
thermostated
bath
solution
Figure 1.1 Head-space Apparatus
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This method of head-space analysis re lie s  for i t s  success on a 
knowledge of the standard K value for a reference solute. Furthermore, i t  
is  e sse n tia l th a t the liqu id  phases can be withdrawn in to  a m icro litre  
syringe. I f  the solvent is  very viscous (as in the case of many of the 
m aterials prepared in th is  work) or a so lid  then i t  becomes impossible to  
withdraw liquid  samples. To use the method of head-space in these instances 
requ ires a more complicated procedure to  determine p a rtitio n  co effic ien ts  
as suggested by Rohrschneider069' ,60> who reported  K values fo r six  so lu tes  
in eighty solvents. Of course i f  the p a rtitio n  coeffic ien t is  very large (as 
with ra th e r in vo la tile  so lu tes) then the concentration of so lu te  in the 
vapour phase w ill be very small and hence d if f ic u lt  to  measure. Furthermore 
sign ifican t problems have been experienced due to  adsorption of the so lu te  
onto rubber septum caps reducing the concentration of vapours by up to  
64.5% in extreme cases, and hence reducing the accuracy of the measurement. 
For these reasons, the method of choice throughout th is  work is  the dynamic 
method of GLC (the second method of physicochemical measurement in which 
the solvent ac ts  as the s ta tio n ary  phase):
2. Dynamic gas-liqu id  chromatography (GLC). In th is  technique the liquid  
s ta tionary  phase is  dispersed (or coated) onto an ‘in e rt ', porous so lid  
support (such as diatom ite or Kieselguhr) which is  packed in to  a long, 
narrow g lass  column. The liquid  s ta tio n ary  phase is  located on the surface 
and in the pores of the support while the mobile gas phase flows through 
the column (in and around the coated support via the spaces between the 
partic les).
To carry out an experiment by the e lu tion  method (elution analysis  in 
which a d isc re te  sample is  in jected in to  the column batchwise) a small 
quantity  is  introduced in to  the column a t the in le t (see Figure 1.2). The 
so lu te  zone or peak is  carried  through the column by the mobile phase and 
i t s  emergence a t the o ther end is  observed with a su itab le  de tec to r. In 
e lu tion  chromatography the velocity  a t which the peak tra v e ls  through the 
column is  le ss  than th a t of the mobile phase, and the ra tio  of these 
v e locities  is  dependent upon the d is trib u tio n  coeffic ien t of so lu te  between 
the two phases. The volume of gas phase which must be passed in order to  
transport the so lu te  boundary from one end of the column to  the o ther is, 
hence also  dependent upon th is  coeffic ien t (th is  volume is  known as the
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reten tion  volume of the so lu te  component and the re la tio n sh ip  of th is  
parameter with the d is trib u tio n  coeffic ien t is  analyzed in Section 1.4).
Two -  stoge
pressure
regulator
Needle valve 
or precision 
pressurecontroller
Sample
injection
Flowmeter
Detector
X 6 0 s  purifiying tube
Manometer
Corner gas 
supply
Thermostat
controller
Column in 
therm ostat
Amplifier or 
bridge
Recorder
Figure 1.2 Gas chromatograph for physicochemical measurement
The re ten tion  volume is  calculated from the gas phase flow ra te  
together with the re ten tio n  time as observed by having a su ita b le  d e tec to r 
a t the  o u tle t of the column. The d e tec to r also  re g is te r s  a complete 
concentration-tim e p ro file , or chromatogram, of the so lu te  a t a fixed point 
-  the o u tle t (a typ ica l chromatogram is  depicted in Figure 1.3). In addition 
to  the equilibrium  d is tr ib u tio n  coeffic ien t fo r in f in ite  d ilu tion , much 
physicochemical information can be obtained from these p ro files . The p ro file  
of the peak observed a t the o u tle t is  determined by k ine tic  processes such 
as longitudinal d ispersion of the gas phase, mass tra n s fe r  in the  liqu id  
phase or chemical reaction  ( if  present), and the  in i t ia l  in jec tion  p ro file . 
At in f in ite  d ilu tion  (as studied  here) the p ro file  is  generally  almost 
symmetrical about the mid-point of the peak or boundary. At higher 
concentrations asymmetry develops p a rtly  because the p a r ti t io n
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coefficient,and hence re ten tio n  volume, no longer has a unique value. The 
shape of the p ro file  then re f le c ts  the varia tion  of the d is trib u tio n  
coeffic ien t with concentration.
Solute Elution of non­
injection sorbed sample
Elution of 
solute peakco tm
CO
c<DO
coo
©
15
oCO
Time
Figure 1.3 A typical Chromatogram
(1.3) COMPONENTS OF THE GC SYSTEM USED IN THIS WORK
The scope of the physical measurement by GC is  determined by the 
nature  of the components in the GC system. The basic GC apparatus co n sis ts  
of the following:
C1.3.1> General Arrangement o f The Flow System
The basic plan of a Gas Chromatograph su itab le  fo r physicochemical 
measurement is  shown in Figure 1.2. The scheme is  the same as th a t of a 
commercial an aly tica l chromatograph except fo r the addition of a manometer, 
to  re g is te r  the  column in le t pressure, a soap-bubble flowmeter, a precision  
flow contro l valve, and a therm ostat ted water bath for use a t lower 
tem peratures.
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(1.3.2) Carrier Gas
For most s tud ies on the s ta tio n ary  phase, the c a rr ie r  gas (nitrogen in 
the case of th is  work) should ideally  be in e rt in two respects. I t  should 
not in te rac t with the so lu te  in the vapour phase, nor should i t  be sorbed 
in to  or onto the s ta tio n ary  phase. With nitrogen, the vapour-stationary 
phase in te rac tions are small, but s ign ifican t, and so the re ten tio n  volume 
depends on these in te rac tio n s  to  some extent as well as on the so lu te - 
s ta tio n ary  phase in te ractions. However, the e rro rs  incurred fo r th is  same 
experimental apparatus as measured by McGill<13?> were deemed neg lig ib le  and 
so no correction was made fo r imperfect vapour-sta tionary  phase behaviour.
(1.3.3) Solid support
A so lid  support is  required in GLC to  hold the s ta tio n ary  phase in the 
column as a liquid of high surface area. The support must th e re fo re  be a 
porous m aterial of high surface area (thus allowing the g re a te s t surface 
area and, hence, la rg est possible in te rface  between the vapour and liquid  
phases) and of low surface  ac tiv ity . However, the support must not be so 
‘inert* th a t the s ta tio n ary  phase cannot coat i t  (and simply forms globules 
on the surface of the support -  markedly reducing the vapour-liquid 
in terface). The support must therefo re  possess su ffic ien t su rface ac tiv ity  
to  be ‘w etted’ by the s ta tio n ary  phase -  re su ltin g  in the desired  uniform 
coating. This is  necessary because any partitio n in g  of the so lu te  between 
bare support and the c a rrie r  gas can s ig n ifican tly  a ffe c t physicochemical 
measurements made on the vapour-liquid equilibrium.
All of the supports used in the course of th is  study are  based on 
diatom ite, also known as Kieselguhr. The white diatomaceous m ateria l is  
derived from the fo ssilized  remains of u n i-ce llu la r algae and co n sis ts  
predominantly of amorphous s ilic a  (with minor im purities). Several d iffe ren t 
supports ie.g., Chromosorb 7^0, WHp and GAW DMCS) were used -  the reason 
for th is  was mainly due to  co n stra in ts  imposed by time and a v a ilab ility  of 
m aterials (although a l l  of these supports have been te s ted  and used 
successfully  in th is  application giving reproducible re s u lts  and good peak 
symmetry, and discussions of the individual ch arac te ris tic s , e.g., pore s izes, 
e tc  already e x is t).(87' 132*
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The valid ity  of the measured physicochemical param eters depends upon 
whether the measurements made re fe r  solely to  the process described. In the 
GLC column, where p a rtitio n  coeffic ien ts  are measured, the  physical process 
can be described as the  so lu b ility  of the gaseous so lu te  in the liquid 
s ta tio n ary  phase. However, there  are severa l o ther competing in te rac tions 
which may also  occur (.e.g., the adsorption of the so lu te  on the support a t 
the support liquid in te rface, and also  on the liquid  surface).
If, fo r example, values of p a rtitio n  co effic ien ts  obtained by s ta t ic  
measurements are in accord with those determined by GLC then i t  can be 
assumed th a t the e ffe c ts  o ther than so lu tion  in the s ta tio n ary  phase are 
negligible, within the accuracy of the measurements. Work by McGill/ ’ 323 see 
Section (1.3.2) above, using th is  same system in tandem with headspace 
analysis verified  th is  basic assumption of neglig ib le c a rr ie r  g as-s ta tio n a ry  
phase in teraction .
Adsorption e ffe c ts  on the support are  often  revealed by 'ta i lin g ' (i.e., 
an asymmetrical peak with an exaggerated tra ilin g  edge or ta il) . In order to  
avoid th is  s itu a tio n  and to  minimize th is  adsorption, a su ff ic ie n tly  high 
quantity  of s ta tio n ary  phase (the 'liqu id  loading’, «) is  employed O 1 0 % 
w/w) to  swamp a l l  the active  s i te s  on the so lid  support w hilst re ta in in g  a 
highcolumn effic iency / 87*1323 All diatomaceous supports need as gentle , and 
as l i t t l e ,  handling as possible to  minimize a t t r i t io n  and the production of 
fines (breakdown of the support in to  a powder). Water-washing and drying 
p rio r to  coating with the liquid s ta tio n ary  phase is  desirab le  and e ffec tiv e  
in removing fines.
(1.3.3.1) Treatment o f  So lid  Support
Diatomaceous s il ic a  supports basically  consist of a network of 
siloxane  groups (Si-O-Si) which can contain silanol groups (Si-OH). The 
in te rac tion  of the s ta tio n ary  phase and/or the so lu te  with the support can 
be through hydrogen-bonding s i te s  (i.e., both the siloxane e th e r group -  
which can act as a hydrogen-bond acceptor, and the s ilan o l group, which can 
act as both a hydrogen-bond donor and acceptor). Dipole and dispersion  
in te ractions can occur and th e . support can also  p a rtia lly  hold the liqu id  by 
capillary  forces (depending on the q u an titie s  present).
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The adsorp tiv ity  of diatomaceous s i l ic a  supports can be considerably 
reduced by reacting  the active  s ilan o l groups with silan iz ing  agents (e.g., 
Dimethyldichlorosilane -  DMCS).t,49> Bohemen e t al.t36i suggested th a t two 
reactions are involved for a single s ilan o l group, and for two adjacent 
s ilan o l groups (as depicted in Figure 1.4). S ilanization e ffec tiv e ly  
elim inates the hydroxyl functionality  and reduces the p o ssib ility  of 
in te rac tion  between bare support and hydrogen-bond base so lu te s  (which 
co n stitu te  the m ajority of so lu tes). Additional acid-washing removes any 
traces  of iron present in the diatomite.
Cl
I I  I I I
-S i-O -S i-  + S iC l2(CH3)2 -* -S i-0 -S i-0 -S i-C H 3 + HC1 
I I I I I
OH CH3
I I
S iC l2 (CH3 ) 2 -» -S i-O -S i-  + 2HC1
I I
0  0
\  /
Si 
/  \
H3C ch3
Figure 1.4 Silanization of Silica Support
(1.3.4) Packed Column Design
Packed g lass  columns were used in th is  work (as they have the 
advantage over s ta in le ss  s te e l  or copper in th a t the packing can be viewed 
while f il l in g  the column and also  a f te r  use in the gas chromatograph). The 
g lass  is  also in e rt to  the so lu tes  used -  causing ne ith e r adsorption nor 
reaction,
(i) Column Length -  Considerations of pressure drop and re ten tio n  time 
usually lead to  columns between 0.5 and 4 metres long, with 1-2 m etres as 
a popular range of length. The precision with which the re ten tio n  time can 
be determined increases somewhat with column length, since the ra t io  of 
re ten tion  to  peak width is  proportional to  f l  (where 1 is  the  column 
length).
(ii)  P artic le  Size -  One e ffec t of p a rtic le  size  is  to  determine the 
pressure drop across the column, which is  inversely proportional to  the
-S i-O -S i-  + 
I I 
OH OH
square of the p a rtic le  diameter. I f  a high pressure  drop is  desirab le  for 
good flow s ta b il i ty  in the system, then a fin e r p a rtic le  s ize  is  required. A 
mesh range of 60-80 (as used in the course of th is  work), 80-100, or
1 0 0 - 1 2 0  is  a good choice for many physicochemical applications based on
determ ination of re ten tio n  volume (the peaks being su ffic ie n tly  narrow on a 
1-2 metre column for precise  measurement of re ten tion). However, a high 
pressure drop increases the p ressure  correction fac to r (see Section 1.4) and 
so some compromise is  needed.
( ii i)  Percentage Loading of Phase -  In GLC the quantity  of liquid  s ta tio n ary  
phase coated onto the support can have any lim it up to  the support’s
capacity, i.e., the loading a t which the packing becomes sticky  instead  of
free-running. I f  no o ther c r i te r ia  govern the percentage loading i t  is
convenient to  choose a loading which gives a high column effic iency  and
minimises any support adsorption e f f e c t s /47*87*
(iv) Preparation of Packed Columns -  In analy tica l GC, g rea t importance is  
sometimes attached to  the a r t  of packing the column for the g re a te s t
efficiency. This is  much le ss  important in physicochemical work where th e  
major need is  ra th e r to  know accurately  the amount of s ta tio n ary  phase 
loaded in to  the column. When a liquid  phase is  to  be coated onto a support, 
the procedure needs to  be carefu lly  designed with the object of: 
(a) accurately determining the percentage loading (defined in Section 1.3.6); 
and (b) achieving a uniform d is trib u tio n  of s ta tio n ary  phase on the support.
(1.3.5) Preparation o f Packing
In a l l  cases the s ta tio n ary  phase was coated onto the ‘in e r t’ support 
by ro ta ry  evaporation of a s lu rry  of the support m ateria l and the 
s ta tio n ary  phase dissolved in a v o la tile  solvent (see Section 2.5.1.8).
(1.3.6) Ascertaining The Percentage Loading
If  the packing has been carefu lly  prepared the percentage loading of 
the liquid phase on the support should be accurately  known because the 
p a rtitio n  coeffic ien t (K) is  re la ted  to  the loading by equation (1.1) where 
VN is  the net re ten tio n  volume and VL is  the volume of the  liqu id  
s ta tio n ary  phase on the column a t the column temperature:
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K = V„ /  Vu ...(1.1)
A calculation of the loading was achieved by accurate weighing
procedures before and a f te r  coating the support (see Section 2.5.1.8). The 
liquid  loading is  defined in two d iffe ren t ways. Usually i t  re fe rs  to  the 
ra tio  :
mass of liqu id  s ta tio n ary  phase 
0  =  , ;____________
mass of (support + s ta tio n ary  liquid  phase)
and is  usually expressed on a percentage basis. The more
however is:
mass of liqu id  s ta tio n ary  phase 
0‘  =  .    ___
mass of support
which is  linearly  proportional to  the amount of liquid  present.
(1.3.7) Packing the Column
Despite the presence of a liquid coated on the support, 
are normally free-flow ing and may be poured in to  the column. Packings 
become sticky only a t high loadings, the value depending on the support and 
i t s  specific  surface area. In packing a column the common p rac tice  is  to  
add the packing to  the column in small q u an titie s  a t a time, the column
being tapped or v ibrated to  s e t t le  and consolidate i t s  contents. Excessive
mechanical consolidation is  de leterious since diatomaceous support m ateria ls  
tend to  break down. Coiled columns may be f il le d  from one end while a 
vacuum is  applied a t the other. The small amount of compression produced 
probably does not s ig n ifican tly  change the p roperties  of the packing, nor 
i t s  adsorptive character (see Section 1.3.3.1).
(1.3.8) Conditioning and Running the Column
A freshly  made-up GLC column contains small amounts of solvent 
remaining from the coating process, along with water and o ther v o la tile s .
. . . ( 1.2 )
usefu l ra tio
...(1.3)
GLC packings
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The column is  therefore  ‘conditioned* by placing i t  in the chromatograph and 
heating for a number of hours in a stream of c a rrie r  gas u n ti l  the 
contaminants are removed, as indicated by attainm ent of a s tab le  baseline. 
To avoid s ign ifican t v o la tiliz a tio n  or decomposition of the s ta tio n ary  phase 
(and hence a change in i t s  p roperties) the conditioning and subsequent 
operating tem peratures are  kept down a t le a s t to  the operating tem perature 
lim its  designated by the suppliers, or preferably  50 *C below these values.
(1.3.9) Detectors
A large number of d e tec to rs  are available for GC and much has been 
w ritten  on the subject.<*7> Since se lec tive  or spec ific  d e tec to rs  are seldom 
required in physicochemical measurement and s e n s itiv ity  is  not usually  of 
paramount importance fewer types are needed than in an aly tica l stud ies. 
Most work is  performed with only two instrum ents: the Katharometer and 
Flame Ionization Detector (FID). In the course of th is  work a l l  measurements 
were made using an FID and so comments w ill be re s tr ic te d  to  th is  device.
(1.3.10) The Flame Ionization Detector (FID)
An FID consists  of a hydrogen flame burning a t a je t in a supply of 
f il te re d  a ir. The je t ac ts  as one electrode and a small wire ring  or gauze 
above the flame as the other. Changes in ionization current due to  
components in the gas stream  are  detected and fed to  an am plifier which 
converts the impedance to  a value compatible with a chart recorder;
hydrogen is  c learly  the n a tu ra l choice of c a rr ie r  gas for a chromatograph
with an FID. Other gases, however, can read ily  be used i f  the  column
efflu en t is  f i r s t  d ilu ted  with a su ffic ien t flow of hydrogen to  burn a t the 
je t. The se n s itiv ity  of an FID is  some four to  six  orders of magnitude
la rger than th a t of a Katharometer, even when the la t te r  i s  used in 
conjunction with helium as a c a rrie r  gas.
(1.4) CHROMATOGRAPHY THEORY
The fundamental datum to  be obtained from a gas chromatograph e lu tio n  
peak is^ the re ten tio n  volume, which can be re la ted  to  physicochemical 
p roperties of a vapour-liquid equilibrium  such as the p a rtitio n  coeffic ien t.
A ty p ica l e lu tion  chromatogram is  shown in Figure 1.3 which describes the 
concentration-tim e p ro file  of the GC column. The re ten tion  time, t R, is  the 
average time taken by a so lu te  molecule to  trav e l from the point of 
in jection  to  the point of detection, and is  taken as the midpoint of the 
symmetrical so lu te  peak or a t the highest point of the so lu te  peak, i f  the 
peak is  s lig h tly  asymmetrical (or skewed),
The time t M is  the f in i te  time taken fo r an unretained gas to  pass 
through the column. If  the times t R and t„ are m ultiplied by the measured
flow ra te , F«, a t the pressure of the column o u tle t, then the measured
re ten tion  volume, VR, and the gas hold-up volume, V„, are obtained. The 
contribution to  re ten tio n  created by the s ta tio n ary  phase is  th e  adjusted 
re ten tion  volume, VR' given by equation (1.6):
t R . Fw = VR ...(1.4)
t„ . F„ = VM ...(1.5)
V  = VR -  VM ...(1.6)
Owing to  the com pressibility of the c a rrie r  gas and the p ressure  drop 
across the column, the c a rrie r  gas flow ra te  d iffe rs  from in le t to  o u tle t 
and gradually r is e s  between these  points as the c a rrie r  gas expands with 
the pressure drop. Hence, the adjusted re ten tio n  volume, VR' measured a t 
o u tle t pressure needs to  be corrected to  the mean column pressure. This is  
done by multiplying VR' by the pressure correction fac to r J3 2 to  give the 
net re ten tion  volume, VN, as shown in equation (1.7) -  using equation (1.8) 
to  calcu late  the pressure correction factor:
...(1.7) 
. . . ( 1.8 )
VN = . V
n [ (P i  /  Pe )m -  1
=
m [ ( ^  / Pe)» -  1]
In p ractice  the flow ra te  is  determined with a soap-bubble meter 
placed at the o u tle t, which n ecessita te s  a correction for the vapour
pressure of the soap so lu tion  (taken as the vapour pressure of pure water, 
Pw, a t the tem perature of the soap solution). In addition, the column and
flow meter tem peratures, Te and Tf respectively , may not be the same. Under
these conditions the equation for the net re ten tio n  volume, VN, becomes:
VN = J32. V  , <Pe-Pu)/P0 . Te/T, ...(1.9)
The net re ten tion  volume, VN, is  the chromatographic param eter from 
which the equilibrium thermodynamic parameters, such as the p a rtitio n  or
ac tiv ity  coeffic ien ts  are calculated. There is  a very simple re la tionsh ip  
between the p a rtitio n  coeffic ien t, K, and the net re ten tion  volume, VN, given 
by equation (1 .1 0 ):
K = VN / Vu ...(1.10)
(MB., K is  iden tical to  the ‘Ostwald Absorption C oefficient’, L, and th a t in 
GLC work is  e ffec tive ly  K* the value a t zero concentration)
The p a rtitio n  coeffic ien t can be defined by equation (1.11) as the 
ra tio  of the concentration of the so lu te  in the liquid s ta tio n ary  phase, C., 
to  the concentration of so lu te  in the mobile gas (or vapour) phase, Cv:
K = C. /  Cv ...(1.11)
If  i t  is  necessary to  take in to  account gas im perfections due to  a 
f in ite  in te raction  of the so lu te  vapour and the ‘in e r t’ c a rrie r  gas equation
(1.10) may be replaced by equation (1.12) (in which B23 is  the cross second 
v ir ia l  coeffic ien t between the so lu te  vapour and the c a r r ie r  gas -  as 
discussed in Section 1.3.2, and V2 is  the so lu te  molar volume -  the 
correction term actually  contains V2m, the p a r tia l molal volume of the 
so lu te  in the s ta tio n ary  phase, but V2 is  nearly always used as an 
approximation to  V2a>):
InK* = In (VH/VL) -  (2B23 -  V2 ).P0 .J3< /  R.T ...(1.12)
Since Pj and P0 are quite  close to  atmospheric pressure (typ ical values 
being 1294.4 mmHg for P, and 758.4 mmHg for P0), the term P0 .J3 4 in equation 
(1 ,1 2 ) is  close to  unity, and the e n tire  correction term approaches zero -
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and in fe rs  tha t these in te rac tions are neglig ible for th is  system. In the 
work of McGill using the same GC system, an investigation  was carried  out 
to ascerta in  the e ffec t of gas imperfect io n s .'132 ’ As the GC system was used 
unchanged from th a t research the ram ifications of these e ffe c ts  have not 
been discussed in depth here. However, for a collection of the B23 
coeffic ien ts  tha t have been measured to  date, and a fu lle r  discussion of 
th e ir  calculation and application, the reader is  d irected  to  McGill’s thesis , 
and references cited th e re in /132*
Relative K values can be determined by chromatographing two or more 
so lu tes  a t the same time, i.e., i f  K values are denoted as Kr (r = 
‘reference’) and Ku (u = ‘unknown’), then the ra tio  of Kr and Ku is  given 
very simply by the ra tio  of th e ir  adjusted re ten tion  times:
Much l i te ra tu re  work is  given in terms of the specific  re ten tio n  
volume of a solute, Vs. The connection between VG and K is  given by 
equation (1.16) defining the specific  re ten tion  volume as the net re ten tio n  
volume at the column tem perature for a unit weight of s ta tio n ary  phase, 
where p-, is  the density of the liquid s ta tio n ary  phase a t the column 
temperature, Tc:
Kr/Ku — t Rr t M/ t Ru t M . . .Cl . 13)
i.e., Kr/Ku = t r 7 tu ‘ ... (1.14)
V6 = 1/ K . p, (1.15)
It follows tha t re la tiv e  K values are given by equation (1,16):
Kr /Ku = VQr/VQ“ ...(1.16)
(1.5) INTRODUCTION TO PIEZOELECTRICITY
(1.5.1) H istorical Perspective
P iezoelec tric ity  (the p refix  is  derived from the Greek word Tri£Ceiu -  
to press) may be defined as 4e lec tr ic  polarization produced by mechanical 
stra in  in crysta ls  belonging to certain classes, the polarization being 
proportional to the s tra in  and changing sign with i t .* '2Bi
Cady in h is de fin itiv e  work on p iezoe lec trics,C40) re la te s  th a t Coulomb 
was the f i r s t  to  conjecture the possible production of e le c tr ic ity  by the 
application of pressure on a su itab le  m aterial. HaUy<40) and, la te r , 
BecquerelC33) performed some experiments in which certa in  c ry s ta ls  showed 
e le c tr ic a l e ffec ts  when compressed. They reported positive  re s u lts  with 
non-piezoelectric c ry s ta ls  such as calc ite , and concluded th a t what they had 
observed was ‘contact electricity*.
The credit of being the f i r s t  to  observe the phenomenon of
p iezoe lec tric ity  fa lls  to  the Curie bro thers in 1880.(A95 They showed th a t
when some c ry s ta ls  were compressed in p a rticu la r d irec tions an e le c tr ic a l 
p o ten tia l was produced between the deformed surfaces, th is  p o ten tia l being 
proportional to  the applied pressure (and disappearing when the p ressure  
was withdrawn). The converse e ffec t (whereby a p iezocrystal becomes
stra ined  when e lec tr ic a lly  polarized, by an amount proportional to  the 
polarizing field), unforeseen by the Curies, was predicted by Lippman/,33) By 
the end of 1881 the Curies had verified  th is  e ffec t and showed th a t the 
p iezoelectric  coeffic ien t of quartz had the same value for both the d irec t 
and converse e ffec ts .
For a th ird  of a century, a f te r  i t s  discovery, p iezo e lec tric ity  remained 
merely a sc ie n tif ic  curiosity , receiving l i t t l e  a tten tio n  u n til  the onset of 
the F irs t World War. Langevin<126) conceived the idea of exciting  quartz
p la tes  e lec trica lly  to  serve as em itters, and la te r  also as rece iv ers  of 
high frequency (h -f)  sound waves under water -  th is  ‘echo method* led to  
the development of sonar (a valuable means of locating immersed objects 
and of exploring the ocean floor).
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Cady, Pierce, and others'*0’ produced c ry sta l-co n tro lled  o sc illa to rs  
with high s ta b i l i ty  for use as tuning devices and c ry s ta l f i l t e r s  for 
communication lines and radio. This technology is  s t i l l  in wide use today 
and is  the reason for the av a ilab ility  of cheap, very high quality  c ry s ta ls  
for an aly tica l work. I t  was also  found th a t by a lte rin g  the cut angle of 
the quartz  c ry s ta l with respect to  i t s  op tica l ax is the tem perature 
coeffic ien t of the c ry s ta l could be changed. This discovery led to  a wide 
range of c ry s ta l cu ts (the T* se r ie s  of 'Y*-cuts) th a t gave r is e  to  c ry s ta ls  
with p roperties su itab le  for many applications.<BB*l70*,92>
(1.5.2) Piezoelectric!ty Theory
C rystals possessing the  property of p iezo e lec tric ity  (P iezocrystals) 
can be predicted from crystallographic  stud ies. P iezo e lec tric ity  is  
physically possible only in c ry s ta ls  possessing a s tru c tu re  lacking a centre 
of symmetry, of which there  are twenty-one c la s se s . '160’ The p iezo e lec tric  
e ffe c t a r ise s  when pressure on a d ie le c tr ic  m aterial deforms the c ry s ta l 
la t t ic e  and causes a separation of the cen tres of g rav ity  of opposite ly - 
charged species, which gives r is e  to  a dipole moment in each molecule.
(1.5.3) Basic Properties o f Piezoelectric Crystals
Type AT c ry s ta ls  are most commonly used in p iezo e lec tric  
microbalances. The type of c ry s ta l re fe rs  to  the o rien ta tion  of the  cut of 
the c ry s ta l p la te  with respect to  the o rig in a l uncut c ry s ta l -  see Section
(1.5.1). Type AT c ry s ta ls  v ib ra te  in the Thickness-Shear mode as shown in 
Figure 1.5. The fundamental th ickness-shear mode has no nodal po in ts on the 
face of the c rysta l. Hence, the frequency of v ibration  is  independent of the 
e la s tic  p roperties of th in  layers of p a rtic le s  on the c ry s ta l surface.
Figure 1.5 Type AT Quartz Crystal in Thickness-Shear Mode of Vibration
(from Reference 88)
Y
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Quartz c ry s ta ls  are extensively used as s tab le  frequency standards and 
are found to  maintain s tab le  transm ission frequencies in the communication 
industry. Very accurate clocks use quartz c ry s ta ls  which have frequency 
s ta b i l i t ie s  of b e tte r  than one part in io9.t26>ns>
(1.5A) Surface Acoustic Waves (Rayleigh Waves>
The phenomenon of waves which occur and could propagate along the 
boundary su rfaces of so lid s  was f i r s t  described by Lord Rayleigh<16B> a f te r  
h is investigation  in to  the subject in 1885. In the years since h is  
pioneering study, the p roperties  of surface waves have gradually  been 
discovered, chiefly by seism ologists (who were in te re s ted  in the propagation 
of mechanical waves a t the e a r th 's  su rface  and in th e ir  geophysical 
consequences in connection with earth  tremors); but also  in th e ir  use fo r 
flaw detection  in manufactured objects.
The displacement of p a rtic le s  near the surface of a solid  along which 
a surface acoustic  wave is  propagating is  depicted in Figure 1.6:
Unstressed Rayleigh Wave
Figure 1.6 Deformation of SAW substrate resulting from the propagation of 
a Rayleigh surface wave (from Reference 192).
The p a rtic le  displacements have two components: a long itud inal
component (i.e., back and forth  p a ra lle l to  the surface) and a shear v e rtic a l 
component (i.e., up and down). The v e rtic a l displacement amplitude is
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typ ically  of the order of 10-5\ .  The superposition of these two components
re su lts  in surface p a rtic le  tra je c to r ie s  which follow a re trog rade
e ll ip tic a l  path around th e ir  quiescent (res t) positions. As suggested by 
th e ir  name, these surface waves have most of th e ir  energy localized within 
one or two acoustic wavelengths of the su rface .<192)
It was natural, therefore, to  consider the use of surface e la s tic
waves in e lectronic devices. In such devices, surface waves have one c lear 
advantage over bulk waves: the surface wave is  always accessib le  as i t  
trav e ls  along. This geom etrical freedom for g e ttin g  a t the surface wave 
(i.e., for sampling it;  modifying it;  or in te rac ting  with i t  a t the surface) 
permits a wider range of devices than with bulk w aves/1921 and probably 
accounts for much of the in te re s t in these waves. This a ccess ib ility  means 
tha t one can generate and detect surface waves with surface s tru c tu re s  and 
tha t one can a l te r  the wave velocity or d irec tion  'o f propagation with 
surface treatm ents involving deposited layers, etc.
(1.6) APPLICATIONS OF PIEZOELECTRIC MASS SENSORS
(1.6.1) Quartz Crystal Microbalance
' The e ffec t of mass on the resonance frequency was examined by
Stockbridge.'1771 The th ickness-shear AT mode was considered in d e ta il and a 
perturbation analysis was used to  derive the re la tionsh ip  between the
frequency sh if t, AFS/F, and the mass added uniformly over the e lectrode (s),
AM/A. In the context of biomedical applications of p iezoelectric  devices,
King02”  suggested in serting  a v ibrating c ry s ta l in to  the b io logical flu id  
to  be examined and allowing some m aterial to  adsorb on to  a coating on the 
resonator; a low-frequency vibrating  c ry s ta l was suggested for use with 
liquids. Richardson'1571 reviewing King's paper noted th a t th is  was a good 
idea in theory, but for p rac tica l purposes d if f ic u lt  to  implement for
biological systems.
(1.6.2) Gas Detection
King'119-1211 also proposed the use of p iezoelectric  c ry s ta ls  as sorp tion  
detec to rs in which the c ry s ta l is  coated with a su b s tra te  th a t w ill reac t
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with or sorb the m aterial of in te re s t. This sorption is  a mixture of 
chemisorption and physisorption.
The use of chemical microsensors employing the su rface  acoustic  wave 
(SAW) phenomenon was f i r s t  reported by Wohltjen and Dessy,°93> and has 
since been investigated  by a number of independent
groups'5' 2B* 31 ' 32' 37 ' 41' 43' 48< 60' 51 ' 63, B6-6e- 60-67, 71-76, 79. 82-86, 91,110-
124, 131. 138, 139, 141, 143, 144, 166, 161, 166-167, 172, 176, 183, 184, 187-191, 193-200) £q COnStrUCt
sensors for various chemical vapours. Vapour sensors based on SAW 
technology requ ire  a coating film which is  sen s itiv e  and se lec tiv e  fo r the 
vapour to  be detected (the 'target vapour*).
SAW microsensors consist of a pa ir of p iezoelectric  su b s tra te s  (each a 
small s lab  of polished p iezoelectric  m aterial e.g., quartz) upon which two 
s e ts  of in te rd ig ita l m icroelectrodes have been m icrofabricated.093/194’ One 
of the p iezoelectric  c ry s ta ls  is  coated with a se lec tive  coating (so called  
the de tec to r crysta l), the o ther -  a bare c ry s ta l -  ac ts  as a reference 
c ry s ta l (see Figure 1.7).
S A M P L E  F R E Q U E N C Y
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Figure 1.7
Schematic of 158 MHz SAW Device and associated electronic Circuit
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When a se t of in te rd ig ita l electrodes is  excited by a radio-frequency 
voltage of the appropriate frequency, a synchronous mechanical Rayleigh 
surface wave (see Section 1.5.4) is  generated in the p iezoelectric  su b s tra te  
(see Section 1.5.3). This Rayleigh wave is  then free  to  propagate from the 
transm itting  electrode array across the surface to  an iden tica l ‘receiv ing’ 
electrode array, where the mechanical energy is  converted back in to  a 
radio-frequency voltage. In th is  way, the c ry s ta ls  v ib ra te  a t rad io­
frequencies, but when heterodyned an audio frequency can be obtained from 
the difference in frequencies of the coated detec to r c ry s ta l and the bare 
reference c rysta l. This d ifference frequency, i f  in the audio range, is  
readily  displayed with the employment of e.g., an audio-frequency meter. The 
most sen sitiv e  response is  obtained when the device is  used as a delay line 
o sc illa to r. Here the two se ts  of electrodes are connected to  each other 
through a radio-frequency am plifier. In th is  configuration, the device 
o sc illa te s  a t a ch a rac te ris tic  resonant frequency determined by the in te r ­
d ig ita l spacing and the Rayleigh wave velocity, Vr.
Vapour sen s itiv ity  is  typically  achieved by coating one se t of 
electrodes on the surface of the device with a th in  (- 1pm) film of a 
s ta tionary  phase th a t w ill se lec tive ly  sorb and concentrate the ta rg e t 
vapour. Owing to  the fact th a t the Rayleigh wave is  confined in th is  way 
to approximately one acoustic wavelength (100 pm or less) of the 
su rface ,0925 any m aterial present on the surface w ill produce large changes 
in the wave ch arac te ris tic s  (e.g., amplitude, velocity, etc.). When liqu ids 
such as polymeric m aterials are coated on the c rysta l, the frequency of 
vibration, F, is  reduced due to  the mass action of the coating. A small 
pertu rbation  in the mass or e la s tic  modulus of the film re s u lts  in a 
su b stan tia l reduction of the Rayleigh wave velocity, and a corresponding 
decrease in the resonant frequency of the device, AfB. Now i f  a gas or 
vapour is  sorbed by the coating, the frequency of v ibration  is  again 
fu rth e r reduced, re su ltin g  in an observable s h if t  in the o sc illa to r  
frequency, Afv.
Thus, in th is  mode the SAW sensor behaves in a fashion sim ila r to  the 
Bulk Wave P iezoelectric (BWP) c ry s ta l microbalance f i r s t  described by 
King019-1215 (see Section 1.6.1), and investigated  extensively by Hlavay and 
G u ilbau lt/71-76,82-8e' 110-112/141' 16E* \66,183,184/189-191 5 Janghorbani and Freund'915 
la te r  derived a linear re la tionsh ip  between the BWP c ry s ta l frequency sh if t,
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AF, and p a rtitio n  coeffic ien t, K. These authors investigated  the application 
of coated BWP c ry sta ls  as gas chromatographic d e tec to rs  - see Section
(1,6.6) -  and demonstrated th a t peak areas were linearly  re la ted  to
re ten tio n  volumes for th ree  n-alkanes on squalene (N.B., Retention volumes 
are d irec tly  proportional to  K -  see Section 1.4). Edmonds and West<53> 
demonstrated tha t the response of a tr ic re s y l phosphate-coated BWP c ry s ta l 
to  five vapours a t 30°C correla ted  with re la tiv e  g as-liqu id  chromatography 
(GLC) re ten tion  times a t 93’C. These re su lts  provided q u a lita tiv e  
experimental support for the linear re la tionsh ips between Af and K, and 
showed th a t the slope of response-concentration p lo ts should provide a 
measure of K.(,3n
The Surface Acoustic Wave device does have several fundamental 
d ifferences from the Bulk Wave device e.g., sm aller size  -  ranging from le ss  
than a square m illim etre to  severa l square centim etres, low cost, 
ruggedness and high se n s itiv ity  -  the detection  lim it is  estim ated to  be -  
10”12 gramme'1193 which make i t  more a ttra c t iv e  as a chemical microsensor 
applications. Furthermore, the a b ility  to  design specific  coatings which 
possess se le c tiv ity  towards p a rticu la r c lasses of compounds allows 
adap tab ility  to  a varie ty  of gas phase analy tica l problems.
The relevance of K to  SAW-vapour-sensor responses has already been 
no ted .'131,172,1983 The frequency s h if ts  of a poly (ethylene maleate) (PEM>- 
coated device in response to  five vapours were compared by Snow and 
Wohltjen (1984)' 1723 with re la tiv e  K values estim ated using so lu b ility  
parameters. Grate e t al. (1986)'313 compared SAW responses obtained for 
twelve SAW device coatings when exposed to  eleven chemical vapours. P atte rn  
recognition methods were used to  asce rta in  th a t one qu arte r of these 
coatings could adequately separate  compounds of in te re s t  from 
chem ically-sim ilar in terferences. Grate et a i.(64,6S3 la te r  examined the 
sorption of nine vapours into the SAW coating ‘Fluoropolyol’ and compared 
these responses favourably with the GLC responses obtained for the same 
m aterial. Hamerton (1987)'77,783 and McGill (1988)' 1323 compared the GLC 
p a rtitio n  coeffic ien ts  of six  SAW coatings to  a wide varie ty  of chemical 
vapours with p rev iously-reported '23,873 SAW responses for the same coatings. 
These re su lts  confirmed the v a lid ity  of ex trapolating  from K values 
obtained using the GLC method to  the prediction of K values obtained using 
the SAW vapour sensor (coated in the same m aterial).
In th is  way GLC was f i r s t  used as an independent method of measuring 
sorption into the coating m aterials and provided the best available f i r s t  
approximation of the prediction of SAW vapour sensor responses. 
Furthermore, by u tiliz in g  the database of KqUc values in corre la tions 
involving equation (1.33) with so lu te  parameters, using the technique of 
m ultiple linear regression  analysis (as described in Section 1.12), the 
coeffic ien ts  of the equations thus obtained allowed characterization  of the 
so lu b ility  properties of the coating m aterials and prediction of p a rtitio n  
coeffic ien ts (and hence SAW s h if ts  for so lu tes  for which the various 
parameters are already known). These s tu d ies  formed the basis  for the 
current research in which novel s ta tio n ary  phases have been prepared for 
in i t ia l  te s tin g  using the GLC method before being applied to  SAW vapour 
sensors,
(1.6.3) Adsorption, Desorption and Decomposition S tud ies
Oxygen adsorption and v o la tili ty  p roperties of submicron films of 
asphalt were by King and Corbett.<26> They showed th a t polar arom atics 
adsorbed oxygen very quickly, whereas asphaltenes adsorb a t a slow, but 
prolonged ra te . S atu ra tes and naphthene aromatics showed v ir tu a lly  no 
adsorption of oxygen, but were bound to  be vo la tile . These findings using 
SAW devices were consisten t with s tud ies using other conventional 
techniques.
(1.6A ) Aerosols and Suspended P artic les
The detection, quan tifica tion  and id en tifica tio n  of the components of 
aerosols and suspended p a rtic le s  in a ir  stream s have always been of some 
importance with respect to  health  and safety . Indeed, as the p ro p ertie s  of 
aerosols have become b e tte r  understood and th e ir  r61e in in d u s tr ia l 
toxicology b e tte r  appreciated, th is  importance is  growing. Olin et al.l 'AG> 
used an e le c tro s ta tic  p rec ip ita to r (a co llecto r which deposits the p a rtic le s  
onto the c ry sta l surface with a su itab le  force fie ld  such as an 
e lec tro s ta tic , in e rtia l, cen trifugal, g rav ita tio n a l, or thermal force fie ld ) in 
conjunction with the quartz c ry s ta ls  claimed tha t the aerosol concentration 
could be measured with 5% accuracy in about 10 s. These workers examined 
car p a rticu la te  emissions, c ig a re tte  smoke, and laboratory and o ffice  
aerosols. The major a ttra c tio n s  of aerosol measurement using quartz
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microbalance techniques are well i l lu s tra te d  in the l i te r a tu r e '265 and are as 
follows: high p o ten tia l sen s itiv ity , good agreement with th eo re tic a l
response, thus largely  obviating the need for continuous mass calibration , 
wide mass and frequency response range and compat a b ility  with the 
f i l t ra t io n  and p rec ip ita tion  methods employed. The low cost a v a ilab ility  of 
these precision-engineered components makes them very a ttra c t iv e  
pa rticu la rly  linked with the p rac tica lity  of disposal ra th e r than having to 
clean contaminated sensors.
(1.6.5) Electrogravim etric Analysis
AT-cut c ry sta ls  have been used as the cathodes in an electrochem ical 
cell. A current was allowed to  pass for a known period of time and the 
c ry s ta l was removed from the cell, washed and dried. The mass increase was 
then determined from the change in frequency. Although electrogravim etry 
has always played an important ro le  in assay and certa in  other ana ly tica l 
procedures, i t  is  debatable whether the use of quartz c ry s ta ls  provides any 
major advantage other than the important one of m iniaturization and micro­
determination. Coulometry and stripp ing  voltammetry equal or b e tte r  th is  
performance.'265
(1.6.6) P iezoelectric  Crystal D etectors fo r  Chromatography
The quartz p iezocrystal microbalance has p o ten tia l as a de tec to r for 
chromatography due to  i t s  high m ass-sensitiv ity , se lec tiv ity , sim plicity  and 
ruggedness, a l l  of which recommend i t  fo r portable and o n -s ite  remote 
operation. King,'1195 in 1964, was the f i r s t  to  use quartz c ry s ta ls  in th is  
fashion. Since the frequency of a v ibrating  c ry s ta l can be easily  measured 
to  ±1.0 Hz, any frequency change g rea te r than th is  can be easily  detected. 
King, by coating the c ry s ta ls  with d iffe ren t su b s tra te s  used in gas 
chromatographic columns (e.g., squalene, silicone o il, apiezon grease, 
poly (ethylene glycol), s il ic a  gel and alumina, etc.), proposed an in te rac tio n  
of the coating phase with the same components of a gas stream  while on the 
c ry s ta l surface,
A portable room-temperature gas chromatograph was produced by Karasek 
and Gibbins.'1135 They reported tha t the instrument response was rapid and 
proportional to  the sample size. The se n s itiv ity  was found to  be in the
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p a rts  per million concentration range. A short review of the methodology of 
am bient-tem perature gas chromatography using the p iezoelectric  de tec to r is  
given in reference 26.
In recent years severa l very thorough review a r t ic le s  have been 
w ritten  concerning the exp lo ita tion  of the p iezoe lectric  c ry s ta l de tec to r in 
many areas, along with a r t ic le s  sp ec ifica lly  concerning the SAW vapour 
sensor. The reader is  d irected  to  the following a r tic le s  which provide a 
thorough grounding in the to p ic /26* 32*73>
(1.7) THE RELATION OF PARTITION COEFFICIENTS AND SAW FREQUENCY SHIFTS
Q uantitation of the equilibrium  d is trib u tio n  of so lu te  vapour between 
the vapour (gas) phase and a SAW vapour sensor coating (or GLC s ta tio n ary  
phase) can be achieved using a p a r titio n  coeffic ien t (K) which describes the 
ra tio  of the so lu te  vapour concentration in the s ta tio n ary  phase (Cs to  
th a t in the vapour phase (Cv> as given in equation(1.18):
K = Cs /  Cv ...(1.18)
The re la tionsh ip  of the p a r titio n  coeffic ien t to  the sorp tion  of so lu te  
vapour in to  a s ta tio n ary  phase on a SAW vapour sensor device is  i l lu s tra te d  
in Figure 1.8.
i— '1'--------------- 't'—Gas In Gas Out
Cv
Sta t ionary  Phase*' 
SAW Device
Figure 1.8
Schematic Diagram of Vapour Partitioning between the Gas Phase and the 
Stationary Phase of a SAW Vapour Sensor Device
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The value of the p a rtitio n  coeffic ien t for a given vapour can be 
calculated from the observed SAW vapour sensor response using the 
equation (1.19) f i r s t  derived by Grate e t al. (1986 )c 31 ) and described below. 
The derivation of the formula is  s t r ic t ly  outside the scope of the current 
work as i t  re fe rs  d irec tly  to  the SAW measurements, but i t  is  included so 
th a t the reader may ascerta in  the va lid ity  of the reasoning behind the 
method.
The change in o sc illa to r  frequency (Afs ) observed when a bare SAW 
device is  coated with an isotropic, non-piezoelectric, non-conducting, thin 
film has been described by the following equation:
Afs = (k, + k2).F2.h.p -  k2.F2.h.[4p/v.R2.(X+p)/(X+2p)] ...(1.19)
where k, and k2 are m aterial constants for the p iezoelectric  su b stra te , F is 
the unperturbed resonant frequency of the SAW o sc illa to r  (which is  
determined by the geometry of the in te rd ig ita l transducers fab rica ted  onto 
the surface), h is  the coating thickness, p, is  the coating density, p and X 
are the shear modulus and Lame constants of the coating, and vR is  the 
Rayleigh wave velocity  in the p iezoelectric  su b stra te .
The second term in the equation depends upon the mechanical 
p roperties of the film and is  often  neglig ib le for so ft organic m ateria ls  
(such as those studied in the course of th is  work). I f  the mechanical 
properties are neglected then equation (1.19) reduces to  equation (1.20), 
which describes the perturbation  in frequency caused by the mass of the 
applied film:
Afs = (k, + k2).F2 .h.p ...(1.20)
This treatm ent assumes to ta l  coverage of the active  area of the 
device. The product of the fac to rs  h (the film thickness expressed in 
metres) and p, (the film density in kilograms per cubic metre) in th is  
equation is  simply the mass per unit area of the coating. Therefore, the 
frequency s h if t  (Afs ) in Hertz, caused by application of the th in  film of 
coating onto the bare SAW device can be expressed as:
Afv = (k, + k2).F2.ms / A . ( 1.2 1 )
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where the variable ms is  the mass of the coating expressed in kilograms and 
A is  the coated area expressed in square metres. The frequency s h if t  (Afv), 
in Hertz, caused by absorption of the vapour in to  the coating can be 
sim ilarly  expressed as:
Afv = (k, + k2).F2.mv / A ...(1.22)
where mv is  the mass of vapour in the s ta tio n ary  phase coating. Division of 
equation (1.22) by equation (1.21) and rearrangment gives equation (1.23), 
which is  iden tical to an equation derived by King(1,9_1215 for coated BWP 
c ry s ta l detectors:
Afv = Afs.rriv / ms ... (1.23)
The mass of vapour in the s ta tionary  phase coating is  the fac to r of 
g rea te s t in te re s t. I t  can be re la ted  to  the concentration of the vapour in 
the sta tionary  phase Cs, in grammes per l i t r e ,  by:
Cs = mv / V3. (0.001 Kg/g) ...(1,24)
where Vs is  the volume of the s ta tio n ary  phase expressed in l i t r e s .  Now, 
su b stitu tin g  equation (1.24) in to  equation (1.20) and rearranging gives:
mv = K.CV.Vs. (0.001 Kg/g) ...(1.25)
where Cv is  the concentration of the vapour in the gas phase expressed in 
grammes per l i t r e .  Finally, su b s titu tio n  of equation (1.23) into
equation (1.21) re la te s  Afv to  K as shown in equation (1.26):
Afv = Afs .K.Cv.Vg. (0 .001 k g / g )  /  ms . . . ( 1 . 2 6 )
This re su lt can be fu rth er sim plified by noting tha t Vs / ms is  the
reciprocal of the density  of the s ta tio n ary  phase (p,). If  Afs is  converted
from Hertz to k ilohertz, the 0.001 conversion fac to r is  removed, the fin a l 
re su lt is  then: ’
Af v = ( A f g . C y . K )  / p, ..,(1.27)
where Afv is  the vapour frequency sh if t  in Hertz, Afs is  the coating
frequency sh if t in kiloHertz, p, is  the coating density in kilogrammes per
l i t r e ,  Cv is  the vapour concentration in the gas phase in grammes per l i t r e ,  
and K is  the p a rtitio n  coeffic ien t.
Experimentally, Af3 is  determined when the so lu te  vapour-sensitive  
coating of density (p,) is  applied to  the bare SAW device; Afv is  measured 
when the sensor is  exposed to  a calib rated  vapour stream of concentration 
Cy. The un its  of Cv (grammes per l i tr e ) , are appropriate since dynamic 
vapour stream s are typ ically  prepared by d ilu ting  a measured mass flow 
(grammes per minute) in to  a known volumetric flow ( l i t r e s  per minute) of 
c a rrie r  gas<62\  These un its  are  also easily  converted to  microgrammes per 
l i t r e ,  which is  equivalent to  the in te rn a tio n a l standard of milligrammes per 
cubic metre for gas phase concentrations. Equation (1.27) provides a simple 
re la tionsh ip  for calcu lating  KsAW values from measurable sensor 
ch arac te ris tic s . The re la tionsh ip  is  independent of the sp ec ific  SAW 
su b stra te , having no dependence on SAW device frequency (F) or 
p iezoelectric  m aterial constants k,, k2).
The assumptions inherent in equation (1.27) are th a t the SAW device 
functions as a mass sensor (i.e., mechanical are neglig ible) and th a t the 
observed mass change is  due to  pa rtitio n in g  of the so lu te  vapour between 
the gas phase and the s ta tio n ary  phase coating alone. In th is  regard, the 
equation represen ts a so lu b ility  model (i.e., d isso lu tion  of the so lu te  
vapour in to  the solvent s ta tio n ary  phase). One additional assumption is  
made in tha t the density of the coating is  taken to  be the density  of the 
pure coating and is  equal to  the density of the coating plus the dissolved 
so lu te  vapour. This is  a valid assumption provided the mass loading of the 
s ta tio n ary  phase by so lu te  vapour is  low (as for low vapour concentrations, 
or weakly-sorbed vapours). Equation (1.27) is  re la ted , but not iden tica l, to 
equations in references (53, 91,and 131) which describe the relevance of K 
to  the responses of coated BWP c ry s ta l detectors.
(1.8) COMPARISON OF K^c AND KsAW METHODOLOGY
Both the methods u tilis e d  in GLC and SAW operation are dynamic, in 
tha t a so lu te  vapour is  allowed to  equ ilib ra te  i t s e l f  between a mobile gas 
phase and a sta tionary  liquid  phase. The fundamental d ifference  in the 
determ ination of K6LC and KSAU is  the way in which the so lu te  vapour is  fed
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onto the GLC column and the SAW device. In the method of GLC used in the 
course of th is  work, an e lu tion  technique is  used whereby a d isc re te  so lu te  
sample is  passed through the column; SAW devices on the o ther hand use a 
technique whereby a mixture of pure c a rrie r  gas and so lu te  vapour is 
continuously passed over the device when measurements are made. Although 
th is  method is  dynamic with respect to  the continuous flow of vapour used, 
i t  is  s ta t ic  in th a t equilibrium  concentrations of so lu te  in the vapour and 
the liquid s ta tionary  phase are se t up.
The techniques d iffe r  in o ther aspects which could give r is e  to  
secondary, e ffe c ts  o ther than sorption in to  the s ta tio n ary  phases, which K 
describes. In GLC these are adsorption a t in te rfaces  (which are in addition 
to  absorption in the s ta tio n ary  phase). These e ffe c ts  in GLC are minimized
by choice of support as discussed in Section (1.3.3) and use of su itab le
loadings (see Section 1.3.4). In SAW vapour sensor devices, secondary 
e ffec ts  such as adsorption are also possible and occur on the quartz  
c ry s ta l (in p a rticu la r upon the bare reference o sc illa to r  from which Af is  
determined). The in te rac tion  of so lu te  vapour and impurity: i f  a minor 
impurity in the so lu te  liquid  is  re la tiv e ly  more v o la tile  than the so lu te  in 
question then the vapour phase could contain a comparatively la rg e r amount 
of impurity (by the principle of d is tilla tio n ) . GLC on the o ther hand does 
not su ffe r from these types of impurity problem, because the  process 
involves the separation of any im purities from the so lu te  sample by the 
s ta tionary  phase in the GLC column.
An important question to  be asked is  whether or not equilibrium  is  
achieved, because i f  not, then the p a rtitio n  coeffic ien ts  determined w ill 
not be s t r ic t ly  valid and more susceptib le  to  ex ternal variab les, e.g., flow 
ra te . If the flow ra te s  used in GLC columns are too high then the so lu te  
w ill not be allowed to  come to  equilibrium  as i t  is  passed over the
sta tionary  phase. In GLC columns, the flow ra te  can be simply optimized
using the van Deemter re la tio n sh ip '47,127, 185’ (calculated for th is  system in 
the work of M cGill)/’325 The c a rrie r  gas used for the SAW vapour sensor 
devices was a ir  and the flow ra te  passing over the s ta tio n ary  phase coating 
was 100 cm3/minute, whereas the flow ra te  of the n itrogen c a rr ie r  gas used 
in the GLC measurements was « 15-40 cm3 /minute (see Sections 2.5.1.1, 
2.5.1.5).
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Another e ffec t tha t determines whether equ ilib ra tion  of the so lu te  
sample is  achieved is  the ra te  of d iffusion  in to  the s ta tio n ary  phase. This 
in tu rn  depends to  a large extent on the physical s ta te  of the s ta tio n ary  
phase, i.e., whether i t  is  a liquid, solid, or some interm ediate s ta te  as 
with g lassy  polymers. As s ta ted  above, i t  is  preferab le  to  use liquid 
s ta tionary  phases or a t le a s t polymeric phases above th e ir  g lass  tran s itio n  
temperature, Tg, where d iffusion  processes in to  the s ta tio n ary  phase are 
much easie r than for so lids  (and hence sorption more closely corresponds 
solely to  absorption). Rates of sorption are not a problem with te s tin g  of 
SAW devices, because the vapour stream can be passed over the device for 
as long as i t  is  necessary for equilibrium to be a ttained . However, in 
p rac tica l s itu a tio n s  the SAW device needs to  respond rapidly to  the 
equilibrium position.
All the s ta tionary  phases studied by both GLC and SAW devices were 
studied a t tem peratures above th e ir  Tg and so KGLC values should prim arily 
correspond to  absorption phenomena, although there  w ill undoubtedly be some 
adsorption e ffe c ts  at the low operating tem peratures. This can be studied 
by varying the s ta tio n ary  phase loading in GLC and by using d iffe ren t 
thicknesses of coating on SAW devices, and noting the e ffec t upon K values 
thus obtained. Some additional measurements a t tem peratures higher than 
298.15 K were made by GLC which displayed b e tte r  solution p ro p ertie s  for 
the s ta tionary  phases (by the increased peak symmetry obtained).
The tem perature at which K values are measured is  c r i t ic a l  as the 
LogK values are inversely proportional to  tem perature (i.e., the higher the 
temperature, the lower the K value). The SAW measurements were conducted 
at ambient tem perature and up u n til  recently  l i t t l e  e ffo r t had been made to 
therm ostat the SAW devices. While the SAW device is  nominally operating at 
or near room tem perature, heating e ffe c ts  caused by routine operation may 
sign ifican tly  ra ise  i t s  tem perature (the K8AW measurements for e.g., 
‘Fluoropolyol* were obtained at 308 ± 2 K). In con trast, the KQLC
measurements are made under controlled isotherm al conditions (the GLC 
having been rigorously therm ostatted) a t 298.15 ± 0.05 K (and additionally  
a t 448.15 ± 0.05 K). I t  is  also well known from GLC work<47,12B) tha t 
increasing tem perature causes sm aller re ten tio n  volumes and, hence, lower 
p a rtitio n  coeffic ien ts  (consequently a SAW vapour sensor w ill become less  
sen sitiv e  as tem perature increases).
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The K values, when determined by GLC, requ ire  an accurate knowledge of 
the volume or mass of the s ta tio n ary  phase deposited on the support. This
was determined by simple accurate weighing procedures as described in
Section (2.5.1.8). In con trast, the calculation of KSAW requ ires neither, but 
only the density of the coating using equation (1.27).
Furthermore, the SAW device operation is  time consuming, requiring
repeat measurements for each vapour, unlike GLC measurements (which are 
both fa s t and reproducible).
(1.9) PATTERN RECOGNITION ANALYSIS OF DATA FROM A SAW SENSOR ARRAY
Ultimately, the performance of a SAW vapour sensor device is  c r itic a lly  
dependent upon the se n s itiv ity  and s e le c tiv ity  of the coating m aterial 
applied to  the surface of the p iezoelectric  c ry sta l. However, few system atic 
investigations of adsorbent coatings on SAW devices have been reported to 
date and references to  responses of specific  SAW coatings are also few in 
number. The most closely re la ted  sensor technology is  th a t of the BWP 
c ry s ta l sensor, which has been review ed/26’ Coatings exhibiting se le c tiv ity  
to  specific  vapours have been iden tified  in some cases, but many coatings 
have been of ill-d e fin ed  composition and, u n til recently, se lec tion  has been 
largely  empirical. I t  is  therefo re  e sse n tia l to  iden tify  coatings for SAW 
devices which respond to  vapours of in te re s t and to  develop c r i te r ia  for 
the selection  and design of such coatings. The development of adsorbent 
coatings alone may not be su ffic ien t for some applications of these 
devices. I t  is  unlikely th a t any given m aterial possesses su ffic ie n t
se le c tiv ity  to  permit accurate detection and id en tifica tio n  of a sing le  
chemical vapour of in te re s t in the presence of m ultiple, unknown 
in terferences.
The methods usefu l to  se lec t the coating m aterials are  taken from a 
collection of methods under the co llective  heading of 'Pattern Recognition’ 
f i r s t  introduced as a general too l in chemistry by Kowalski and Bender in 
1972/’24) By application of Principal Component Analysis  (PCA) and 
Hierarchical, C luster Analysis (HCA) to  a data se t containing p iezoe lec tric  
c ry s ta l frequency s h if ts  measured in response to  analytes sorbed by 
specific  coating m aterials, a reduced se t of nearly orthogonal coatings can
be selected  to  provide maximum discrim inating information for a l l  analytes 
of in te re s t. Pattern  recognition techniques can be described as follows: The 
sensors encode chemical information about the vapour in numerical form, and 
each sensor defines an axis in a multidimensional space. Vapours can be 
represented as points positioned in th is  space according to  sensor 
responses; vapours th a t produce sim ilar responses from the se t of coatings 
w ill tend to  c lu ste r near one another in space. P attern  recognition uses 
m ultivariate  s ta t i s t ic s  and numerical analysis to  in v estig a te  such 
c lu stering  and to  e lucidate re la tionsh ips in multidimensional data s e ts  
without human bias. Another way of thinking about the re su ltin g  selec tion  
of coatings is  tha t they span the space of a l l  coatings using the fewest 
number of individual coatings while re ta in ing  the a b ility  to  discrim inate 
between analytes.
Examples of these two techniques include the use of PCA by Wold and 
Andersson'2015 to model the McReynolds re ten tio n  index matrix, and a paper 
by Huber and Reich (1984)'895 in which c lu s te r  analysis is  used on a number 
of chromatographic s ta tio n ary  phases. This promising approach to  th is  type 
of analy tica l problem (concerning the use of p a tte rn  recognition techniques 
in conjunction with an array of sensors of varying se le c tiv ity )  has also 
been applied to  vapour response for electrochem ical sensors by 
S te tte r  e t alA  1986),<176J and Carey e t a l  (1986).‘A2>
In another recent paper (and of g re a te r  relevance to  the curren t work) 
Grate et ai.(1986)'32) exposed twelve SAW coatings to  eleven d iffe ren t 
chemical vapours, and by applying p a tte rn  recognition schemes to  the 
preliminary data, were able to  co rre la te  so lu b ility  p roperties  with SAW 
response. PCA demonstrated good separation  of d iffe ren t c lasses of chemical 
vapours, and HCA provided additional evidence of the co rre la tions between 
so lu b ility  p roperties and the c lustering  th a t was observed. Further re s u lts  
have been published by Grate e t al.iBA,BSi and Rose-Pehrsson e t al. (1988)'161 ’ 
examined a se t of ten SAW coatings using nine individual vapours and two- 
component mixtures of the vapours representing  d iffe ren t chemical c lasses 
and concentrations. Again by applying PCA and HCA, the number of sensors 
necessary to iden tify  the hazardous vapours in the presence of m ixtures 
was reduced from ten to  eight SAW devices. This paper dem onstrates the 
increasing use of sophisticated  and powerful computational techniques th a t 
are being applied in the area of vapour recognition.
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(1.10) THE RELATION OF SOLUBILITY PROPERTIES AND FUNCTIONAL GROUPS
The s ta tionary  phase so lu b ility  p roperties may be divided into the 
following categories (although some novel m aterials may not f i t  prec ise ly  
in to  the scheme represented below):
(i) Those which display Dispersion in te rac tions only;
(ii) Those which have some degree of Po larizability ;
(iii)  Those which are Dipolar with minimal Basicity;
(iv) Those which are Basic with minimal Dipolarity;
(v) Those which are both Basic and Dipolar;
(vi) Those which are Acidic;
(vii) Those which are both Acidic and Basic.
(N.B., I t  is  almost impossible to  obtain an acidic, but non-basic phase; (vi) 
is  therefo re  not very practical.)
<1.10.1) Simple Dispersion In teractions
Dispersion in te rac tio n s  are those in te rac tio n s  due to  
induced dipole-induced dipole in teractions. They are a subset of the more 
general van der Waals in teractions, which also includes dipole-induced 
dipole in te rac tions and dipole-dipole in te rac tions. The concept of 
po larizab ility  is  relevant here, since inducing a dipole is  to polarize the 
electron  cloud around the molecule or part of the molecule. Dispersion 
in te rac tio n s  are an important component of nearly a l l  in te rac tio n s  in the 
liquid phase. Though one may not usually consider dispersion in te rac tio n s  
as p a rticu la rly  strong, they do sum up and act in concert. For simple 
hydrocarbons like iso-octane, the in te rac tio n s  in the liquid  phase are 
en tire ly  dispersion in teractions.
Hydrocarbons sorbing in to  a s ta tio n ary  phase can in te ra c t by both 
dispersion and dipole-induced dipole in te rac tio n s  i f  the s ta tio n ary  phase 
contains dipolar groups. Similarly, polar vapours sorbing in to  hydrocarbon 
sta tio n ary  phases can undergo the same two in teractions. The polymeric 
phases previously used on SAW devices which in te rac t only by dispersion  and 
dipole-induced dipole in te rac tio n s  are poly(isoprene) (PIP) and 
poly (isobutylene) (PIB). There are actually  very few simple hydrocarbon
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polymers which are elastom ers a t room tem perature, an example being 
poly (butadiene) (PBD).
These polymers provide the best s e n s itiv ity  to  hydrocarbon vapours 
such as iso-octane. The disadvantage of these p a rticu la r m aterials is  th e ir  
oxidative in s tab ility ; PIP and PBD are noted for the re a c tiv ity  of th e ir  
double bonds to  ozone, w hilst PIB is  more s tab le  to  ozone, but is  s t i l l  
slowly oxidized in a ir. Non-polymeric hydrocarbon s ta tio n ary  phases which 
have been examined so fa r include n-hexadecane and squalane; n-hexadecane 
evaporates from the SAW device and is  therefo re  not very usefu l w hilst 
squalene is  a th irty -carbon  m aterial, and hence less  v o la tile  than 
n-hexadecane. However, i t  would s t i l l  be likely to  be lo st over the long 
term and i t  contains double bonds subject to  oxidation.
I t is  important th a t an array detec to r contains a sensor optimized for 
hydrocarbon vapours because fuels are a s ign ifican t in te rfe ren t in m ilitary  
environm ents/1763 I t  would hence be worthwhile to  develop new phases which 
are more s tab le  than those noted above. Silicones and silan es  have been 
postu la ted '673 as possible candidates for th is  category, being liqu ids or 
gums at room tem perature, oxidatively stab le, non-vo latile  and (if 
incorporating long alkyl chains) would appear more likely to  be sen s itiv e  to 
hydrocarbons.
(1.10.2) P o larizab ility
P olarizab ility  is  not rea lly  separa te  from Section (1.10.1), but i t  is  
trea ted  separately  in th is  tex t in order to  f a c i l i ta te  an ordered discussion 
of m aterials. The objective here is  to  se lec t m aterials which are more 
polarizable than the simple hydrocarbons or polymers discussed above in 
Section (1.10.1) in connection with dispersion in te rac tio n s. 
Poly(epichlorohydrin) (PECH), an elastom er curren tly  used on SAW devices may 
be more polarizable by v irtue  of the chlorine atom i t  possesses, but the 
electron-withdrawing character of th is  atom and the accompanying oxygen 
atoms may tend to  reduce the po la rizab ility  of of the CH2 portions of the ' 
polymer backbone.
Polarizab ility  might be enhanced by the incorporation of heavier 
halogens (e.g., bromine or iodine) or aromatic groups (although the  phenyl
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group is  also a very weak hydrogen-bond donor, p ^ 0.1). Thus,
polymerization of epibromohydrin would make a polymer th a t might be more 
polarizable than PECH. If  the oxygen atoms were furtherm ore replaced by 
sulphur (to make the th io  analogue), s t i l l  g rea te r p o la rizab ility  might be 
achieved.
(1.10.3) D ipolarity
In th is  section, the incorporation of d ipolar groups in to  the 
s ta tio n ary  phase in order to  maximize dipole-dipole and 
dipole-induced dipole in te rac tio n s  w ill be considered. I t  is  d if f ic u lt  to 
completely separate  d ipo larity  from basicity , because the hetero  atoms th a t 
introduce strong d ipo larity  in to  a molecule are usually a lso  hydrogen-bond 
acceptors. There is  also no simple solvatochromic parameter for d ipo larity . 
The ti* term is  a measure of the a b ility  of a molecule to  s tab iliz e  a nearby 
dipole, and therefo re  measures both p o la rizab ility  and d ipolarity . For simple 
aliphatic , monofunctional molecules, the n* term is  usually  proportional to  
dipole moment. However, polarizable aromatic or halogenated compounds are 
subject to  the (6) correction term often seen in solvatochromic co rre la tions 
(see Sections 3.1 -  3.4).'20' 99' 1325
The most dipolar functional groups are the cyano, n itro , amide, 
sulphoxide, sulphone, amine N-oxide and phosphate groups. The two
func tio n a litie s  providing strong d ipo larity  with only weak to  moderate 
basic ity  are the cyano and n itro  groups. Of these two, the cyano group is  
the most readily  available in liquid or elastom eric m aterials, and is
already used in GC sta tio n ary  phases. Indeed, the cyano-containing 
sta tionary  phases are known to be among the most dipolar available.
Trisi cyanoethoxy)propane (TCEP) is  a liquid  which has already been 
examined'22,23) and also coated onto SAW devices. Polymeric siloxanes
containing varying amounts of the cyanopropyl group are availab le  as GC 
sta tionary  phases (.e.g., ‘S ilar IOC* (100% cyanopropylsilicone), ‘S ila r 5CP’ 
(50% cyanopropylphenylsilicone). Additionally, cyanoethylated poly (vinyl 
alcohol) -  an extremely rubbery elastom er -  has also been coated onto SAW 
devices.
To summarize, there  are a varie ty  of commercially-available m ateria ls  
containing cyano groups th a t could be used as dipolar phases. Additional
phases could be synthesized containing cyano or n itro  groups (the 
Bisphenol-A analogue of compound (16) might be usefu l in th is  respect -  as 
one would expect i t  to  have a lower melting point than the compound 
containing the h ighly-electronegative sulphone group). D ipolarity is  an 
important component of overall s e n s itiv ity  (e.g., TCEP is  the most strong ly  
sorbing m aterial of the Laffort GC phases th a t Abraham e t  al.<22,23) have 
examined. D ipolarity w ill provide some se le c tiv ity  for dipolar or polarizable 
vapours over simple hydrocarbons. Such a phase w ill not be highly selec tive , 
but w ill provide unique information in an array.
<1.10A ) Hydrogen-Bonding -  A General Discussion
Discussion of hydrogen-bonding ch a rac te ris tic s  is  of necessity  complex. 
When the phrase ‘acid’ or ‘base’ is  used in th is  tex t i t  always re fe rs  to  
the hydrogen-bonding sense (unless otherwise sta ted ). However, i t  must be 
remembered tha t proton tra n s fe r  reactions could also occur, and th a t 
hydrogen-bonding and proton tra n s fe r  do not necessarily  co rre la te  across 
fam ilies. Thus, two compounds could be equal in proton tra n s fe r  acid ity , but 
d iffe r  in hydrogen-bond donor streng th . This is  because the hydrogen-bond 
donor s tren g th  depends on ch a rac te ris tic s  of the positive hydrogen atom, 
whereas proton tra n s fe r  acid ity  depends on the s ta b i l i ty  of the 
corresponding anion. Thus, triphenylmethane is  a proton tra n s fe r  acid 
because the anion is  resonance-stabilized, but does not hydrogen-bond a t 
a l l  because the hydrogen atom is  not positive ly  polarized.
As noted above in Section (1.10.3), hydrogen-bond b asic ity  is  nearly  
always accompanied by some degree of po larity . For maximum se le c tiv ity ,  one 
would p refer a phase with strong hydrogen b asic ity  and weak ‘o ther 
in te rac tio n s’. For maximum se n s itiv ity , one would p refer b asic ity  and ‘o ther 
in te rac tio n s’ to  a l l  be strong (‘other interactions* re fe rs  to  those already 
discussed in the preceding Sections 1.10.1 -  1.10.3). I t  would not be
desirab le to  have a phase with both strong hydrogen-bond accepting and 
donating ch arac te ris tic s , except for some specialized application. Such a 
phase would not be se lec tive  and would likely  be le ss  sen s itiv e  because of 
se lf-asso cia tio n . S elf-associa tion  w ill decrease the energy of in te rac tio n  
with so lu tes, since formation of a so lu te -s ta tio n a ry  phase hydrogen-bond 
w ill require the breaking of an ex isting  s ta tio n ary  phase-sta tionary  phase 
hydrogen-bond.
(1.10.5) Hydrogen-bond B a sic ity
A wide range of functional groups can provide basicity . The strongest 
bases contain the phosphate, amine N-oxide, amide, or sulphone groups (in 
roughly th a t order of decreasing strength); these are a ll  s trongly  dipolar. 
Aliphatic amines provide reasonable b asic ity  with weak d ipolarity ; 
fluorination  is  probably not desirab le in a basic phase because i t  w ill tend 
to  reduce basic ity  (the electron-w ithdraw ing e ffect).
Basicity may be an important consideration in developing a phase for 
water.{575 Water is  a good hydrogen-bond acceptor, but is  a b e tte r  
hydrogen-bond donor than acceptor as a so lu te . Consistent with th is , the 
best phases for water, poly (vinylpyrrolidinone) (PVP) and poly (ethyleneimine) 
(PEI) are basic. Poly (ethylene maleate) (PEM), poly (ethylene phthalate) (PEP), 
and other polyesters could be described as moderately basic. As many of 
these compounds are also good elastom ers, they are p a rticu la rly  usefu l in 
an array detector.
Poly (vinyl pyrrolidinone) (PVP) is  based on the amide functional group 
and hence should be a strong hydrogen-bond acceptor and strongly  dipolar. 
In use ,'575 however, i t  has been problem atical with regard to  
reproducibility . I t  is  believed '675 th a t the g lass tra n s itio n  tem perature (Tg) 
of th is  glassy m aterial (which is  high, Tg -  175-180°C and which may vary 
considerably with the amount of water sorbed in use) may account for th is . 
An approach which is  now being in v estig a ted '575 is  to  blend PVP with a low 
molecular weight poly (ethylene glycol) (PEG) as a p la s tic iz e r  to  reduce the 
Tg to  -  -5 5 ’C and hence produce a gum. The term inal hydroxyl groups on the
PEG w ill t ie  up a portion of the basic s i te s  (a d is tin c t disadvantage), but
free  s i te s  s t i l l  remain. At the same time, the weakly basic backbone of the 
PEG can s t i l l  in te rac t with the water (indeed PEG m ateria ls are actua lly
w ater-soluble). In general, PVP has been one of the leas t sen s itiv e  coatings 
overall, but with among the best se n s itiv ity  for the two hydrogen-bond 
donating vapours used in SAW testin g , water and b u ta n - l-o l , '575 
The basic character of PVP ensures i t s  u t i l i ty  in an array  i f  the
reproducib ility  can be improved.
Poly (ethyleneimine) (PEI) in i t s  linear form is  based on the repeat 
unit of -CH2CH2NH-, but i t  is  typ ically  prepared as a branched m aterial.
-  3 9  -
Based on th is  s tru c tu re , i t  should be of moderate to  weak d ip o la rity  and 
moderate to  strong basicity . Unfortunately, th is  m aterial also  contains 
hydrogen-bond donating NH groups and hence se lf-a sso c ia tio n  is  likely  to 
occur, leading to  a decrease in sen s itiv ity . Another p o ten tia l disadvantage 
of th is  m aterial is  tha t while the parent linear m aterial has a Tg of -20 X, 
i t  has a melting point of SOX. The branched m aterial is  likely  to  be le ss  
c ry sta llin e  and may therefore  have more favourable physical properties. 
Nevertheless, PEI is  presently  the best m aterial for water detection, and 
i t s  lower Tg makes i t  superior to  PVP in physical properties.
The strongest hydrogen-bond bases contain (P=0) groups (e.g., 
trialkylphosphine oxides). Trialkylphosphates are somewhat weaker and 
dialkyl (alkyl)phosphonates are interm ediate. Tricresylphosphate (or 
trito ly lphosphate) is  a commercially available GC phase which has been 
te sted  using the GLC method*22,235 but to  date has not been used as a SAW 
coating. The crisomer is  the most su itab le  being an in v o la tile  liquid (bp 
265 X, 20 mmHg).
(1.10.6) Hydrogen-bond A cid ity
Much progress has already been made in th is  area, and i t  forms the 
main th ru s t of the current work. The model for a very strong hydrogen-bond 
donor is  1,1,1,3,3,3-hexafluoroisopropanol (HFIP) (which has an a2H of 1.96; 
For comparison 2 ,2 ,2 -trifluo roethano l (TFE) has an a2H value of 1.51).C21,23,245 
The oxygen atoms in these alcohols are e ssen tia lly  non-basic, with (32H 
values of zero. Other strong hydrogen-bond donors are NH groups in 
trifluo roace tan ilide , te trachloropyrro le, te trazo le  and phenols. The 
hydrogen-bond donor acid ity  of tr if lu o ro ace tan ilid e  is  interm ediate between 
th a t of HFIP and TFE. The phenyl group is  important in th is  compound since 
a liphatic  trifluoroacetam ides are not as acidic.
Fluoropolyol (FPOL) is  an outstanding coating m aterial with very good 
sen s itiv ity  to dimethyl (methyl)phosphonate (DMMP) and good physical 
properties. I t  is  a viscous liquid with a Tg of 10 X. The 
electron-withdrawing oxygen atoms on the carbon atoms alpha to  the  alcohol, 
and the more d is tan t trifluorom ethyl group are apparently su ff ic ie n t to  
make the alcohol a very good hydrogen-bond donor. The GLC
characterization*64,655 indicates su b stan tia l basicity , which could a rise  from 
the ether oxygens and the aromatic groups.
Poly (4-vinylhexaf luorocumyl alcohol) (P4VHFCA) and i t s  isomers are 
more sen sitiv e  than FPOL, but have slow equilibrium  response times (th is 
may be due to  the fact th a t i t  is  not an elastom er a t room tem perature -  
i t  has thermal tra n s itio n s  a t 30’C and 120°C, as observed by d if fe re n tia l 
scanning calorimetry).*675 Thus, these m aterials have excellent se n s itiv ity , 
but non-ideal physical properties.
(PIPFA1) is  the more highly fluo roalcoho l-substitu ted  poly(isoprene). I t 
has excellent DMMP sen s itiv ity , but there  is  some evidence for ageing 
problems.*675 In it ia lly  th is  is  the most sen sitiv e  coating cu rren tly  used, 
but the sen s itiv ity  drops over time. This m aterial has a thermal tra n s itio n  
at 60°C, indicating some glassy or c ry s ta llin e  character -  and so i t s  
physical properties are not ideal.
(PAFA) is  a poly (acrylate) with fluoroalcohol su b stitu en ts . As expected, 
i t  has excellent DMMP sen s itiv ity , but the physical p roperties  would be 
expected to  be those of a glassy material.*675
(PTFMVA) is  a m aterial containing alcohols with a -trifluo rom ethy l 
groups, but has low DMMP sen s itiv ity . This low se n s itiv ity  has been 
a ttr ib u te d  to  i t s  c ry s ta llin e  character. In addition i t  is  possible  tha t 
these hydroxyl groups are strong ly  se lf-a sso c ia ted  with the 
non -trifluo rom ethy l-substitu ted  alcohols in the s tru c tu re .
Higher sen s itiv ity  than the H FIP-substituted m aterials may be d if f ic u lt  
to  achieve, but there is  certain ly  a case to  be made fo r an HFIP- 
su b stitu ted  m aterial with b e tte r  physical p roperties than those p resen tly  
available.
(1.10.7) Both Hydrogen-Bond Donor A c id ity  and Hydrogen-Bond Acceptor 
B asicity
M aterials with these properties are likely  to  be se lf-a sso c ia te d  (and 
hence le ss  sensitive), and certa in ly  le ss  se lec tiv e  than those with only one 
of these hydrogen bonding properties. One compound synthesized in the
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course of th is  work fa lls  in to  th is  category (i.e., phase E) having m ultiple 
hydroxyl groups. PEI (discussed in Section 1.10.5) also f i t s  th is  category, 
yet is  usefu l for water detection. This appears to  be the category th a t is  
le a s t predictable from the s tru c tu re  of the s ta tio n ary  phase.
(1.11) THE IMPORTANCE OF THE ABILITY TO DISTINGUISH BETWEEN
HYDROGEN-BOND BASES
The selec tion  and/or design of coating m aterials for SAW chemical 
sensors is  dependent upon several fac to rs  re la tin g  to  the performance of 
the SAW sensor required. E ffo rts  to  date in th is  area a t the Naval Research 
Laboratory and the University of Surrey*12' 13,15,21,1325 have centered on 
coating m aterials for the detection of nerve agents (‘nerve g ases’) using 
sorption into polymers. I t  is  of increasing importance to  se lec t coating 
m aterials to form an array  detec to r for agent detection with discrim ination 
against in te rfe rin g  agents.
The importance of the a b ility  of a SAW coating to  se lec tiv e ly  sorb 
hydrogen-bond bases becomes apparent when considering th a t nerve agents 
and indeed nearly a l l  organic so lu tes  have th is  character. To date, work in 
th is  area has concentrated on alcohols as s ta tio n ary  phases as they are  
fa irly  good hydrogen-bond donors. Unfortunately, however, most are too 
v o la tile  for rou tine use on GC columns or even SAW devices. Carboxylic
acids would appear, a t f i r s t  s igh t, to  be eminently su itab le  for use
as phase coatings, having strong a c id itie s  and high a2H values. However, the
great disadvantage with carboxylic acids is  th a t they have the tendency to  
associate  and dimerize, so much so, th a t th e ir  a b ility  to  donate hydrogen- 
bonds is  g rea tly  reduced, precluding th e ir  use as phases.
The logical s tep  is  to  se lec t a m aterial with the hydrogen-bond 
acid ity  of the alcohols, but with su ffic ien t in v o la tility  to  enable i t s  use 
as a GLC sta tio n ary  phase and SAW coating. Conjecture in th is  fashion led 
to  the selection  of phenols, more spec ifica lly  Ms-phenols, as possible 
candidates for SAW phases. Thus, the present work has concentrated on 
synthesizing derivatives of bisphenols and evaluating th e ir  so lu b ility  
ch arac te ris tic s  by the GLC method. Recent work*e7> has led to  the premise
th a t the ideal nerve agent detection phase would be one (a) containing the
HFIP su b stitu en t for sen s itiv ity ; .(b) having physical p roperties sim ilar to 
FPOL; (c) having non-associated hydroxyl groups and (d) being of high 
therm o-oxidative s ta b ility .
(1.12) LINEAR SOLVATION ENERGY RELATIONSHIPS (LSERs) AND THEIR USE IN
MULTIPLE LINEAR REGRESSION (MLR) ANALYSIS
A q u an tita tive  understanding of the nature of so lu te -so lven t 
in te rac tions in liquid  phases is  d iff ic u lt to  obtain because of the lack of 
exact models describing the so lu tion  process for complex molecules. For th is  
reason we have come to re ly  upon sem i-quantitative, em pirical models. 
Although these models are subject to  gross sim plifications, th e ir  in ten t is  
to  enable the solvation process to  be characterized in such a way th a t 
liquid phases of sim ilar so lu tion  p roperties can be iden tified , and a 
meaningful ranking can be made of important d ifferences in the capacity of 
individual solvents to  en ter in to  specific  in te rac tions (as outlined in
Sections 1.10.1 -  1.10,6).
Numerous attem pts have been made to  characterize and to  evaluate
s ta tionary  solvent phases, usually by studying the re ten tio n  values (as 
re ten tion  indices, LogK p a rtitio n  coeffic ien ts  or LogVG re ten tio n  volumes) of 
a number of te s t  so lu tes. Most of these attem pts are of l i t t l e  general use, 
being re s tr ic te d  to  certa in  specific  c lasses of so lu te  (see e.g., the review 
by Ecknig et al).*525 Many scales have been suggested for th e ir  em pirical 
characterization, but none is  used as widely as the system orig inally  
proposed by Rohrschneider*158' 1535 and subsequently modified by 
McReynolds;*1335 th is  system of phase constants is  now well estab lished .
The fundamental principle of Rohrshneider’s scheme is  th a t
interm olecular forces are additive and as such, th e ir  individual
contributions to  re ten tion  can be evaluated from the d ifference between the 
re ten tion  index values of a se r ie s  of te s t  so lu tes  measured on the liqu id  
phase to  be characterized and those measured on squalane, which is  used as 
a non-polar reference phase. However, no single parameter can ch arac te rise  
se lec tiv ity . Several te s t  so lu tes  are needed to  adequately express the 
d iffe ren t contributions of dispersion, induction, o rien ta tion  and donor- 
acceptor in teractions. There is  no single so lu te  th a t expresses only a
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single in teraction , with the exception of d ispersive in teractions. Solutes 
have to  be selected  th a t emphasise a p a rticu la r in te rac tion  a t the expense 
of others; furthermore a method must be found to  estim ate the contribution  
made by a l l  fo rces-o ther than the intended in teraction .
Rohrschneider suggested a t f i r s t  th a t three, and la te r  th a t five te s t  
so lu tes  are required to  adequately characterize in te rac tions responsible for 
so lu te  dissolution. I t  was fu rth e r assumed tha t for each type of
interm olecular in teraction  the energy of in te rac tion  is  proportional to  a 
value ‘a ’, V , *c\ *d* or ‘e’ -  c h a rac te ris tic  of each te s t  so lu te  and
proportional to  i t s  su scep tib ility  for a p a rticu la r in te rac tio n  -  and to  a 
value ‘X’, ‘Y’, ‘Z’, ‘U’ or ‘S’ -  ch a rac te ris tic  of the capacity of the liquid  
phase to  en ter in to  specific  interm olecular in teractions. The reten tion  
index d ifference  (Al) is  thus compiled from products as follows:
I (or Al) = a.X + b.Y + c.Z + d.U + e.S ...(1.26)
In th is  way a se ries  of regression  equations of the type shown in equation
(1.26) are constructed. I t  is  usual to  regress, not T -v a lu es , but
differences between T -v a lu es  on a given sta tio n ary  phase (Al).
McReynolds*1335 extended th is  scheme to  ten so lu tes  and McReynolds’ 
constants are widely quoted. An overall s ta tio n ary  phase p o la rity  can be 
calculated as the sum of Al values (and work in th is  area has been
extensively reviewed by Budahegyi e t al.).*385
Although the Rohrschneider-McReynolds method is  the basis  of most
approaches to the c la ss ific a tio n  of s ta tio n ary  phases, qu ite  recen tly  Poole 
e t a l  (1989)*116' ,52,1535 have severely c ritic ized  the method on a number of 
technical and th eo re tica l grounds. Their main technical objection is  th a t 
alkanes (necessary for the determ ination of I values) are sorbed onto polar 
s ta tionary  phases mainly by in te rfa c ia l adsorption, ra th e r than by tru e  gas-
liquid partition ing . If the I values (for each s ta tio n ary  phase) are
incorrect then the whole procedure is  invalid (for polar phases). A 
th eo re tica l objection is  th a t the ‘overall* p o larity  (obtained from the sum 
of the solvent parameters) cannot be a tru e  measure of po larity , since i t  
depends principally  on the so lu b ility  of the n-alkanes in the s ta tio n a ry  
phase.
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To summarize, Poole e t al. s ta te  tha t McReynolds phase constants are 
not a re liab le  measure of s ta tio n ary  phase se le c tiv ity  because they are 
determined prim arily by the lack of so lu b ility  of the n-alkane re ten tion  
index standards in the liquid phase; they do not yield meaningful values on 
polar phases because there  is  no s ig n ifican t p a rtition ing  of the n-alkanes 
into the liquid phase, and the phase constants themselves are not based on 
a thermodynamically sound model of so lu tion  in teractions, which makes th e ir  
in te rp re ta tio n  spurious in any case.
There are other d if f ic u lt ie s  over the Rohrschneider-McReynolds method. 
F irstly , the method is en tire ly  re s tr ic te d  to  GLC re ten tio n  data, so there 
is  no p o ssib ility  of comparing GLC sta tio n ary  phases with common solvents. 
Secondly, the method is  fa r too coarse to  allow any analysis of so lu te - 
solvent in teractions, which are actually  the basis of g as-liqu id  p a rtitio n , 
and hence re ten tion  data. As there is  no connection between the solvent 
parameters (X, Y, Z, U, S) and any other system of solvent param eters the 
Rohrschneider-McReynolds scheme remains a usefu l s e lf-c o n s is te n t  method of 
evaluation of s ta tio n ary  phases, but outside the general analysis  of
solvents. D ifferent te s t  so lu tes  have been employed, those of Grob being of 
general u s e /69,705 but again these lead to  se lf-co n sis ten t, but iso la ted  
factors.
Other workers have moved away from the Rohrschneider-McReynolds
method and have attem pted to  account for re ten tion  data on the b asis  of 
specific  so lu te-so lven t in teractions. Ecknig e t al.(S2) characterized so lu te - 
solvent in te rac tions in terms of two energy parameters, a nonpolar or 
dispersion parameter, and a polar parameter tha t includes hydrogen-bonding 
as an e le c tro s ta tic  e ffec t. The calculation of these parameters, however, is  
not tr iv ia l, and application seems to  be re s tr ic te d  so lely  to  a lip h a tic  
so lu tes. The UNIFAC so lu tion-of-groups method has also been investigated , 
but yielded only rough estim ates of re ten tio n  d a ta /1635 A few workers have 
attempted to  characterize s ta tio n ary  phases using indices th a t include 
sta tionary  phase acid ity  and basic ity  as such. Burns and Hawkes,<39) for
example, used re ten tion  data on the b u tan -1 -o l/e th y lac ry la te  pa ir of 
so lu tes to  obtain s ta tionary  phase b a s ic itie s , and on pyridine/benzene to 
obtain s ta tionary  phase ac id ities , but conceded tha t the obtained indices
were ra th e r uncertain. Hawkes e t al.(4Si la te r  carried  out various 
spectroscopic s tud ies of so lu tes  in s ta tio n ary  phases and tabu la ted  indices
of dispersion forces, po larity , acidity , and basic ity  for a number of 
s ta tio n ary  phases. Clearly, in view of these reasons these scales are not 
relevant for th is  work. I t  does seem however, to  be acknowledged tha t 
fac to rs  such as dispersion, po larity , acidity , and basic ity  are important in 
so lu te -s ta tio n a ry  phase in teractions.*38-45’1225 In order to  quantify  these 
e ffec ts , some general system in which both so lu te  and s ta tio n ary  phase are 
characterized is  necessary.
Over the past few years, Abraham, Doherty, Kamlet, Taft and co­
workers* 9-,4-104' 1085 have constructed equations for the co rre la tion  and 
prediction of a large number of physicochemical and biological phenomena 
using the principle of LSER. Kamlet and Taft*93-109, ,78-180> have reviewed and 
referenced the widely d iffe ren t types of co rre la tions carried  out up u n til 
the end of 1985. These types of co rre la tions have varied from the 
correla tions of reaction ra te s  in d iffe ren t solvents to  the so lu b ility  of 
so lu tes in blood. These equations are based upon a cavity theory of 
solution, in which the process of d isso lu tion  of a so lu te  in a solvent may 
be broken down into a number of hypothetical steps:
(i) the endoergic formation of a cavity in the bulk solvent;
(ii) rearrangement of solvent molequles around the cavity; and
(iii)  the exoergic in te rac tio n  of the so lu te  with the surrounding solvent 
molecules a f te r  . the so lu te  has been inserted  in to  the cavity.
If  the Gibbs energy change in s tep  (ii) is  zero (or very nearly so) as 
is  usually assumed, only s teps (i) and ( ii i)  need be modelled. The energy of 
formation of a cavity can be taken as proportional to  the  Hildebrand 
Cohesive Energy Density**0'*"  (8H2), (where SH is  the Hildebrand so lub ility  
parameter) and to some function of the so lu te  size, or volume (V2), leading 
to a term (SH2),.V2 with the un its  of energy.
With the introduction of the so lu te  into the cavity in s tep  (iii), 
various so lven t-so lu te  (normally exoergic) in te rac tio n s  can take place 
depending on the nature of both the solvent and so lu te. Hydrogen bond 
acid/base in te ractions w ill be se t up i f  the solvent is  a hydrogen-bond 
acid (a,) and the so lu te  is  a hydrogen-bond base (f32), or i f  the ssolute: i s  
a hydrogen-bond acid (a2) and the solvent1!is an hydrogen-bond base (|3,); th e  
two respective hydrogen-bond terms are a, ,£2 and p,.a2, where oc, and 3,
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re fe r  to  the solvent hydrogen-bond acid ity  and basic ity  and a2 and f32 to 
the so lu te  hydrogen-bond acid ity  and basic ity , respectively . Additionally 
there  may be dipolar in te rac tio n s  (dipole-dipole and dipole-induced dipole) 
between a polar/polarizable solvent Or,*) and a po lar/po larizab le  so lu te  
(tc2*), the term corresponding to  polar in te rac tion  is  hence ti,*.7t:2*. In th is  
term tc,* and tt2* are measures of the solvent and so lu te  d ip o la rity / 
p o la rizab ility  respectively . Their derivation is  outside the scope of th is  
work, but i t  has been well documented and the reader is  d irected  to  the
following.* 9 ' , 0 “ 13 ' 1 * '  ,B * 17 ' 19- 2 3 * 42. eo ,  81,  9 3 - 1 0 9 ,  132, 1 7 8 -1 8 0 ,  202 )
The fu ll  general equation which has been used extensively by Abraham 
and co-workers for the correla tion  of some so lu b ility -re la te d  property (SP) 
is  given by the MLR equation (1.27):
Log SP = c + A.7t,*.Tt2* + B.ar.p* + C.p,.a2 + D.(5H2),.V2 ...(1.27)
(where A,B,C and D are constants which are dependent upon the so lven t- or 
solute-dependent property being regressed in the MLR and not the individual 
so lu tes  or solvents)
For the case in which a se ries  of so lu tes  are examined in a given 
solvent system, the  solvent parameters, a,, £,, and 6H2 w ill a l l  be
constant and can be subsumed together with the constants A, B, C and D to 
yield a se t of coeffic ien ts  s, a, b and m as shown in equation (1.29):
Log SP = c + s.rr2* + a.a2 + b.p2 + m.V2 ...(1.29)
I t was found necessary to  include a po la rizab ility  correction term (d.S2) i f  
aromatic and/or polyhalogenated so lu tes  were included in the so lu te  se t. 
The general equation (1.27) is  now w ritten  as:
Log SP = c + d,52 + s .tu2* + a.a2 + b.p2 + m.V2 ...(1.30)
where SP is  the property of a se r ie s  of so lu tes  on a given solvent or 
condensed phase and the S2 parameter is  equal to  0.0 for non-halogenated 
a liphatic  so lu tes; 0.5 for polyhalogenated a lip h a tics  and 1.0 for aromatic 
so lu tes.
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Following work by Abraham and co-workers'22' 23* 132-202) in determining 
two improved so lu te  scales of hydrogen-bond acid ity  (a2H) and basic ity  (£2H) 
(which are scales derived from purely thermodynamic measurements), the 
general equation (1.27) recast with a2H and g2H takes the form:
Log SP = c + d.52 + s .tt2* + a.a2H + b.(32H + m.V2 ...(1.31)
A fu rther, modification to  the general equation (1.27) concerns the 
so lu te  size parameter. Recent work by Abraham e t a l . '14,231 has demonstrated
tha t although equation (1.31) has proved very successfu l in i t s  application
to the so lu b ility  processes of liquid so lu tes  in condensed phases, for the 
so lu tion  of gaseous so lu tes  i t  is  inadequate (being defic ien t in a term 
which corresponds to  so lu te-so lven t dispersion, or van der Waals 
in teractions). An a lte rn a tiv e  equation has therefo re  been suggested for the 
study of so lu b ility  or sorption p roperties of gaseous so lu tes  in liqu ids or 
solids, with the so lu te  parameter LogL2li,t replacing the volume terms V2, V, 
or V*. This parameter is  defined as the logarithm of the so lu te  Ostwald 
Solubility  Coefficient (L) on n-hexadecane a t 298 K'11' 20,22,23,1321 (MR, th a t 
L is  iden tical to  the gas-liqu id  p a rtitio n  coeffic ien t, K).
The LogL216 parameter is  a combination of both the measure of the 
cavity size and the so lu te-so lven t dispersion in teraction . The overa ll 
general equation now takes the form:
LogSP = c + A.te,*.tt2* + B.a,.£2H + C.£,.ct2H + D.CD,-(6H2 ),].LogL21 6.. (1.32)
(where the solvent term is  now given by CD,-(5h2),3. The term D, is  a 
solvent dispersion parameter which favours so lu tion  of gaseous so lu te s  and 
o ffse ts  the cavity parameter (SH2 )i which opposes so lu tion  of so lu te s  (MR, 
tha t the 6H2 term, leading to an endoergic cavity term, +AG\ w ill give r is e  
to  a negative term in LogSP).
Equation (1.32) sim plifies to  equation (1.33) below (with the inclusion 
of the d.52 term to correct for the p o la rizab ility  of polyhalogenated and 
aromatic solutes), when the properties of a se r ie s  of so lu tes  in a given 
solvent are being investigated , as explained ea rlie r .
LogSP = c + d.S2 + s .ti2* + a.oc2H + b.£2H + l.Log L2lfc ...(1.33)
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This is  the preferred equation which is  used solely in th is  work (for the 
reasons s ta ted  above) when co rre la ting  so lu b ility  data of a s e r ie s  of 
gaseous so lu tes in a single liquid  or solid  s ta tio n ary  phase.
There is  a precedent for th is  approach, Abraham et a2.t125 have 
demonstrated the successfu l application of th is  method to  not unrelated 
s tud ies of so lu b ility  p roperties  in polymers with regard to  biological media 
w hilst McGill'1325 and Hamer ton '77,785 have dealt with polymeric systems 
already employed on SAW vapour sensor devices. Abraham e t a l . '145 always 
found equation (1.33) to  be the best MLR equation in assessing  
qu a lita tiv e ly  through the coeffic ien ts  1, s, a and b the magnitude of the 
so lu te-so lven t in te rac tions as well as the nature of the reactions.
(1.13) THE SOLUTE AND SOLVENT PARAMETERS SUMMARIZED
(1.13.1) Solvent Parameters
T t , *  This is  a so lvent d ip o la rity /p o la rizab ility  parameter which
measures the a b ility  of the solvent to  s tab iliz e  a charge or a 
dipole (see Refs. 1,42,95,99,132).
6, This is  the solvent p o la rizab ility  correction parameter, which is
important only for aromatic (o, = 1.0) and polyhalogenated
(6, = 0.5) solvents (see Refs. 100,132).
oc, This is  the solvent hydrogen-bond acid ity  parameter, which
describes the so lven t's  a b ility  to  donate a proton (or accept 
an electron pair) in a solvent to  so lu te  bond (see Refs. 
11,95,97,132,178).
P, This is  the solvent hydrogen-bond basic ity  parameter, which
describes the so lven t's  a b ility  to  accept a proton (or donate 
an electron pair) in a solvent to  so lu te  bond (see Refs. 93,96- 
98,132,179,202).
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<SH2)) This is  the Hildebrand cohesive energy density, and is  the
solvent parameter which describes the energy required to  form 
a cavity in the solvent (see Refs. 80,81,132).
(1.13.2) Solu te Parameters
n2* This is  a so lu te  d ip o la rity /p o la rizab ility  parameter which
measures the ab ility  of the so lu te  to  s tab iliz e  a charge or a 
dipole (see Refs. 1,9,103-107,132).
82 This is  the so lu te  p o la rizab ility  correction parameter which is
only important for aromatic (62 -  1.0) and polyhalogenated (52 
= 0.5) so lu tes  (see Refs. 100,132).
a2 This is  the Kamlet and Taft so lu te  hydrogen-bond acid ity
parameter, which describes the so lu te 's  a b ility  to  donate a 
proton (or accept an electron pair) in a so lu te -so lven t bond 
(see Refs. 103,105,106,132).
p2 This is  the Kamlet and Taft so lu te  hydrogen-bond basic ity
parameter, which describes the so lu te ’s ab ility  to  accept a 
proton (or donate an electron  pair) in a so lu te -so lv en t bond 
(see Refs. 103,105,106,132).
a2H This is  the new so lu te  hydrogen-bond acid ity  parameter,
recently  developed by Abraham and co-workers using LogK
values for hydrogen-bond complexation (N.B., a2H corresponds to  
the hydrogen-bond acid ity  of monomer so lu te , even for
amphoteric so lu tes  -  see Refs. 10,12,13,14,15,17,21,23,24,132).
P2h This is  the new so lu te  hydrogen-bond b asic ity  parameter,
recently  developed by Abraham and co-workers using LogK
values for hydrogen-bond complexation (N.B., P2H corresponds to  
the hydrogen-bond basic ity  of monomer so lu te, even for
amphoteric so lu tes -  see Refs. 10,12,13,14,15,17,19,21,23,24,132).
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LogL216 This is  a combined measure of the so lu te  size and dispersion
contribution to  so lu te  dissolution. LogL216 is  defined as the 
logarithm of the Ostwald coeffic ien t (L) on n-Hexadecane a t 
298.15 K (N.B., the so lu te  subscrip t is  not normally used and 
the parameter is  commonly denoted by LogL16 (see Refs. 
11,20,22-24,132).
V2 This is  a so lu te  size parameter, calculated as the bulk molar
volume (the ■ ra tio  of the so lu te  molecular weight divided by 
the solvent density) at 293 K divided by 100 (see Refs. 
101,132).
(1.14) A RATIONAL APPROACH TO THE SELECTION OF COATING MATERIALS FOR
A SAW SENSOR ARRAY, USING SOLUBILITY INTERACTIONS
(1.14.1) The Influence o f  Coating Physical Properties upon Sensor Response
The selection  and/or design of s ta tio n ary  phase coating m ateria ls  for 
SAW chemical sensors is  dependent upon several fac to rs  re la tin g  to  the 
performance required of the array. E ffo rts  to  date in th is  d irection  have 
concentrated on coating m aterials for the detection of nerve agents using 
sorption into polymers. The approach used for the selec tion  of s ta tio n ary  
phase coating m aterials is  based on the ‘so lu b ility  model’ for SAW so lu te  
vapour response. In th is  model, the SAW sensor is  coated with a 
non-volatile  liquid or polymer which w ill sorb the vapour(s) of in te re s t . 
The sorption of vapour w ill depend upon properties of both the so lu te  
vapour and the s ta tionary  phase coating m aterial.
The properties of the so lu te  vapour which are important are  i t s  
so lu b ility  properties (i.e., i t s  ab ility  to  in te rac t exoergically  with 
molecules or chemical fu n c tio n a litie s  in a condensed phase via in te rac tio n s  
such as (i) induced dipole-induced dipole (dispersion  or van der Waals) 
in teractions, (ii) dipole-induced dipole in teractions, ( ii i)  d ipole-dipole 
in teractions and (iv) hydrogen-bonding in teractions). The a b ility  to  
undergo dispersion and dipole-induced dipole in te rac tions is  re la ted  to  the 
po larizab ility  of one or both of the in te rac tin g  species, whereas the
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a b ility  to  undergo dipole-dipole in te ractions is  re la ted  to  the d ipo larity  
of one or both of the in te rac tin g  species.
The properties of the s ta tio n ary  phase SAW coating of importance are 
i t s  capacity for so lu b ility  in teractions, and i t s  physical p roperties  (i.e., 
whether i t  is  a liquid, elastom eric, glassy and/or crysta lline). The physical 
s ta te  (or s ta te s )  of the s ta tio n ary  phase is  important because i t  
influences the ab ility  of the so lu te  vapour to  d iffu se  through the 
s ta tio n ary  phase to  s i te s  where the so lu b ility  in te rac tio n s  may occur. 
C rystalline and/or g lassy regions tend to  impede or even preclude
penetration of the so lu te  in to  the bulk of the s ta tio n ary  phase. I f  the
so lu te  in te rac ts  strongly  enough to penetrate  such regions, the process 
w ill be slow and sensor response w ill a lso  be slow. The ideal s ta tionary  
phase in the ‘so lu b ility  model* w ill therefo re  be a liquid  or an elastom er 
at the sensor’s operating temperature. Ideally  i t  w ill be used well above 
i ts  Tg in order to fa c i l i ta te  d iffusion  and obtain the best sensor response 
time. By selecting  coating m aterials with the most desirab le  physical
properties, sensor ch a rac te ris tic s  such as speed, re v e rs ib ility  and
reproducib ility  of response can be optimized.
(1.15) THE SELECTION OR DESIGN OF MATERIALS FOR AN ARRAY DETECTOR
The ultim ate chemical sensor would be able to  se lec tiv e ly  in te rac t 
with, and respond to, the ta rg e t so lu tes  only, providing absolute knowledge 
of th e ir  presence or absence. I t  is  not reasonable to  expect a sing le  
sensor to  be developed for each chemical s itu a tio n , nor for i t  to  be 
possible, p ractically , for the vast majority of s itu a tio n s.
In order to  gain the maximum information possible from the chemical 
sensors, the s tra teg y  employed is  to form an array of sensors. In th is  way 
a se r ie s  of single chemical sensors (e.g., SAW devices) are each coated with 
a d ifferen t s ta tionary  coating (displaying p a rticu la r sorp tion  
ch arac te ris tics). The approach taken here is  to  use individual coatings 
which w ill maximize p a rticu la r types of in teractions. For example, a 
hypothetical th ree-sensor array (although in practice, a la rger array  would 
be used) might consist of a non-polar s ta tio n ary  phase (capable only of 
dispersion-type in teractions); another might be a polar s ta tio n a ry  phase
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coating incapable of hydrogen-bonding w hilst yet another might be a 
s ta tio n ary  phase capable of some form of hydrogen-bonding. The number of 
chemical sensors required in an array to  positively  iden tify  a ta rg e t so lu te  
vapour is  dependent upon the difference in the se lec t iv it ie s  of the 
separate  sensors towards the ta rg e t so lu te  vapour and the degree of 
in teraction .
For maximum s e le c t iv i ty  a coating w ill maximize a p a rticu la r 
in teraction , while minimizing other types of in te rac tions (e.g., i t  might be 
desirab le to selec t a phase with strong hydrogen-bond b asic ity  and weak 
‘other in te rac tio n s’ -  i.e., d ispersion-type in te rac tions and dipole-dipole 
in teractions, etc.). For maximum s e n s i t iv i ty  d ispersion and dipolar 
in te ractions can be maximized within the same coating where a se lec tiv e  
in teraction  such as hydrogen-bonding has also been maximized (e.g., i t  might 
be desirab le to se lec t a phase with both hydrogen-bond basic ity  and ‘other 
in te rac tio n s’ to a l l  be strong).
This approach should spread the sensor array response vectors across 
the widest possible fea tu re  space achievable using so lu b ility  in te rac tio n s  
and SAW devices. I t  should also  give sensors which are not correla ted . In 
principle, such a de tec to r array would be of general u til i ty ; the p a rtic u la r  
application would be programmed into the pa tte rn  recognition (see Section 
1.9) i.e., by tra in ing  the algorithm to  iden tify  the p a rticu la r ta rg e t hazard 
of in te re s t .0615
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(1.16) PURPOSE AND AIMS OF THIS AREA OF THE RESEARCH PROGRAMME
For the reasons outlined above (Sections 1.10 -  1.12) the current work 
has concentrated on the syn thesis and characterization  of bisphenolic 
derivatives of the form:
where X = C.(CH3)2, C. (CF3)2, S02, S 
R = a lly l, rrpropyl, H.
R' = Allyl, n-Propyl, Glycidyl, Amino, Nitro, Acetamido, LauroyTamido and H.
(along with the allylphenyl e ther precursors and th e ir  sa tu ra ted  
derivatives), the actual avowed aim being to  synthesize a compound (or 
compounds) of su ffic ien t in v o la tility  th a t i t  can be used above i t s  Tg as a 
s ta tio n ary  phase in the GLC method. The successfu l syn thesis  and 
characterization  of such a compound (or compounds) would s a tis fy  the 
eventual aim to ascerta in  whether any of these bisphenolic derivatives w ill 
se lec tive ly  sorb hydrogen-bond bases, and hence be of use as SAW device 
coatings.
R' R’
OR
CHAPTER 2 : EXPERIMENTAL
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(2.1) Reagents
D iethylether was sto red  over anhydrous calcium chloride and f il te re d  
before use. Toluene was stored  over sodium wire. Dimethylformamide (DMF), 
dimethyl sulphoxide (DMSO), and ethanol were stored over 4-A molecular sieve.
(2.1.1) Analysis
All melting or liquefaction  tem peratures were measured visually  by 
Koffler h o t-s tage  microscope melting point apparatus.
Infrared spectra were run on a Perkin-Elmer 1750 Fourier Transform 
infrared (FT-IR) spectrom eter in terfaced to a Perkin-Elmer 7300 computer. 
Solid samples were presented finely-ground as KBr p e lle ts; liqu ids were 
presented as thin films, sandwiched between KBr or NaCl plates.
All proton OH) nuclear magnetic resonance (nmr) spectra  were recorded 
at 298 K using a Bruker AC-300 nmr spectrom eter operating at 300 MHz. *H 
chemical sh if ts , 5, (in ppm) are reported re la tiv e  to  a tetram ethylsilane 
(TMS) in te rna l standard.
Elemental analyses were carried  out using a Carlo Erba 1105 elem ental 
analyzer. Two methods were employed to  analyze both solid  and liquid
samples. For the solid  samples an accurately-known weight of the solid  
sample was placed in a high purity  sample pan supplied by Goodfellow 
Metals (and specified as containing >99.9% tin). This sample pan was then 
sealed by crimping prior to  analysis. For mobile liquids a d iffe ren t 
s tra teg y  was adopted: An accurately known weight of the liqu id  was
transferred  by micro-syringe into a g lass ampoule which was then quickly 
sealed to  prevent loss of the sample by evaporation. The sealed g lass 
ampoule containing the sample was then analyzed in the usual manner. 
Viscous liquids were tran sfe rred  using a g lass rod into a g lass ampoule and
placed into a crimped tin  sample pan prior to analysis.
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(2.2) INTRODUCTION TO SYNTHESES PERFORMED
This chapter describes the synthesis of compounds (1) to  (18)', the 
pu rifica tion  procedures, and the analy tica l methods employed in th e ir  
characterization.
The various syn thetic  rou tes are depicted in Figure 1.9. I t  can be
seen th a t a ll  subsequent compounds were synthesized by d eriva tiza tion  of 
the base compounds 4,4'-hexafluoroisopropylidenediphenol (Bisphenol-AF6), 
4,4'-isopropylidenediphenol (Bisphenol-A), 4,4 '-thiodiphenol (Bisphenol-T), and 
4,4'-sulphonyldiphenol (Bisphenol-S). The samples were characterized by the 
analy tica l techniques outlined above.
Of the compounds synthesized in the course of th is  p a rt of the
research, most have already been reported for use in widely diverse areas 
(e.g., the use of 2 ,2 '-bis- (3-allyl-4-hydroxyphenyl)isopropylidene as a 
method of controlling the infection  coccidiosis  in pou ltry ;'925 or the 
application of 2 ,2 '-bis- (3-allyl-4-hydroxyphenyl)sulphone as a component of 
a thermal recording m aterial -  in which the Ms-phenol ac ts  as a developer 
for a leuco d y e )/1695 Some, however, appear to  be novel '(e.g., (5), (17) and 
(18)) -  and a l l  are new to  the present application. For th is  reason,
although a l l  compounds so produced have been fu lly  characterized, only a
few rep resen ta tive  *H nmr and FT-IR spectra  w ill be included in th is  tex t.
The syntheses carried  out were aimed at producing w ell-characterized  
compounds of su ffic ien t purity  for use as GLC sta tio n ary  phases. A number 
of pu rifica tion  procedures were adopted including solvent washing, 
re -p rec ip ita tio n , and rec ry sta lliza tio n  in the case of the so lid  products, 
and reduced-pressure d is ti l la t io n  of the liquids.
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HoCCHN NHCCHNHC(CH2)10CH3H3C(CH2)i0CHN
Figure (2.1) Synthetic Routes Employed.
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(2.2.1) The Claisen Rearrangement
The rearrangement of the M s-(a lly l a ry l e thers) (i), (6), (S) and (10) 
to th e ir  corresponding M s-(a lly l phenols) are examples of the Claisen 
rearrangement As th is  reaction  fea tu res quite  strongly  in the synthetic  
programme, the following short section is  devoted to it.
Allyl e thers of enols and phenols undergo rearrangements to  C -allyl 
derivatives when heated to  su ffic ien tly  high tem peratures. The reaction, 
named a f te r  i t s  discoverer (Claisen, 1912),£46) was f i r s t  observed when 
ethy l-Q -ally lacetoaceta te  was subjected to  d is ti l la t io n  at atmospheric 
pressure in the presence of aluminium chloride.^1815
0. CH2.CH=CH2 0. CH2. CH=CH2
I -> II I
CH3. C=CH. C02. C2H5 CH3. C. CH. C02. c2h5
Figure <2.2) Claisen Rearrangement of e th y l-o -a lly lace to ace ta te
The a lly l e thers  of phenols rearrange smoothly a t tem peratures of 
about 200°C in the absence of ca ta ly sts . If the e ther has an unsubstitu ted  
ortho- position, the product is  the o -a lly l phenol.
Figure (2.3) Claisen Rearrangement of A llylphenylether
One of the most in te re s tin g  fea tu res of the rearrangement of 
allylphenylethers to  o-allylphenols (ortho rearrangement see Figure 2.4) is  
the fact tha t the carbon atom which becomes attached to  the aromatic 
nucleus is  not the one attached to  the oxygen atom of the ether, but ra th e r
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the one in the y-position with respect to  the oxygen atom. During the 
rearrangement the a lly lic  double bond s h if ts  from the y-position to  the 
o^jS-position. The inversion  of the a lly l group is  apparent only when 
su b stitu en ts  are present on e ith e r the or- or the y-carbon atom (or i f  a 
single carbon atom is  labelled), Fara-rearrangement is  not usually 
accompanied by inversion of the a lly l group.
(2.2.2) S tructura l Requirements fo r  Rearrangement
The group of atoms which allows rearrangement is:
I
-c=c-c-o-c=c- 
1 1 !  i I
In th is  group the double bond on the rig h t may be an a lip h a tic  double 
bond, as in the enol e thers  and the a lly l vinyl ethers, or part of an 
aromatic ring, as in the phenol ethers. The double bond on the le f t  must be 
a liphatic  (i.e., part of an a lly l or su b stitu ted  a lly l group). The position or 
character of the double bonds in the reactive  group cannot be changed
without destroying the a b ility  of the compound to  rearrange in th is  manner.
(2.2.3) Ortho Rearrangement o f  A lly la ry le thers
In the ortho-re  arrangement of a lly l (or su b s titu te d -a lly l)  e th ers  of 
phenolic compounds, the a lly l group usually  m igrates exclusively to the 
ortho-position  i f  one is  free, and the product is  generally obtained in good 
yield. Thus, the sim plest aromatic a lly l ether, allylphenylether , rearranges 
almost exclusively a t 200 °C in an inert atmosphere to give o-allylphenol; no 
detectable amount of the para isomer is  formed.
(2.2A ) Mechanism o f  the Claisen Rearrangement
The Claisen rearrangement to  the ortho position is  a f i r s t  order
reaction, and the process does not require  ca ta ly sis  by acids or bases. The
rearrangement is  intram olecular, since rearrangement of m ixtures of e th ers
yields none of the cross products which would re su lt from an interm olecular 
reaction. The process is  best represented by the cyclic mechanism, in which 
the following processes take place, with the electron ic  s h if ts  during
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reaction  indicated by the arrows (see Figure 2.4):
a
OH
a
Figure (2.4) Mechanism of the  Claisen Rearrangement
The breaking of the carbon-oxygen bond and the attachment of the 
y-carbon atom to  the ortho position must be simultaneous, and th is  step, 
ra th e r than the enolization of the hydrogen, must be the ra te  determining 
step. I f  the la t te r  were the slow s tep  the reaction  would be accelerated  by 
dim ethylaniline (and th is  is  not observed)/1815 The cyclic mechanism 
accounts for the occurrence of inversion.
(2.2.5) Syn thetic  Application
The fact tha t a lly l a ry l e thers  can be prepared easily  in high yields, 
and can also be transformed readily  in good yields to  the o -a lly l phenol 
makes the Claisen rearrangement very usefu l in syn thetic  work. The reaction  
thus furnishes a convenient method of introducing a lly l groups in to  a wide 
varie ty  of phenolic compounds. Reduction converts them to  n-propyl (or 
su b stitu ted  propyl) phenols, and th is  provides a convenient method of 
introducing a propyl group in to  a phenol.
(2.3) GENERAL SYNTHETIC METHODS
(2.3.1) 2 ,2 '-B is (4-allyloxyphenyDisopropylidene (1), Phase A
A method based on th a t which Zahir and Renner(1977)c2035 reported  for 
the synthesis of th is  compound was employed using propan- l - o l  as a
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solvent. The crude a lly l a ry l e ther was produced in su ffic ien t yield for
both d irect use as a GLC sta tionary  phase, and also as an interm ediate for
the propyl ary l ether, o -a lly l bisphenol and n-propyl bisphenol derivatives.
To a one l i t r e ,  three-neck flask  equipped with a thermometer, nitrogen 
in le t/o u tle t, equalized dropping funnel and a mechanical s t i r r e r ,  were added 
5is-phenol-A (114 g, 0.5 mole), sodium hydroxide (42 g, 1 mole) and
propan-l-o l (500 cm3) and the mixture heated to  reflux. A fter complete 
so lution had been achieved, a lly l bromide (100 cm3, 1.16 moles) was slowly 
added -  and the re su ltin g  mixture refluxed, under an in e rt atmosphere for 
three hours. After th is  time the mixture was p rac tica lly  n eu tra l by 
indicator paper -  indicating tha t the reaction  had consumed almost a ll  of 
the base. The reaction  mixture was heated under reflux, in a nitrogen 
atmosphere, for a fu rth e r six hours (whilst being continually s tir re d )  to 
ensure complete reaction. After cooling to  ambient tem perature, the 
p rec ip ita ted  sodium bromide was removed by vacuum f i l t ra t io n  and the
p ropan-l-o l removed on the ro tary  evaporator. The crude a lly l ary l e ther
thus obtained was ex tracted  with dichloromethane (200 cm3) and washed 
well with d is til le d  water (500 cm3). A fter separation of the aqueous phase,
the organic phase was dried over anhydrous sodium sulphate and then
concentrated on the ro tary  evaporator. A fu rth e r pu rifica tion  (d is tilla tio n  
under reduced pressure) was attempted, but under the conditions required 
for d is t i l la t io n  (230°C, 0.02 mmHg.) the a lly l ary l e ther begins to  undergo 
the Claisen rearrangement to  the corresponding o -a lly l phenol. Hence, the 
d is t i l la t io n  was discontinued and the previously-obtained ‘crude’ product -
a s lig h tly  viscous, pale golden o il -  analyzed to  yield 138.8 g (90%) of 
the desired product bp 225-230 X, 0.02 mmHg (Found: 81,56 C, 8.09 H;
Calculated for C2,H2402; 81.82 C, 7,79 H%); XH nmr (300 MHz; CDC13; standard 
TMS) 1.62 (6H, s, 2*Me) 4.47-4.50 (4H, d of d, 2><CH2-0) 5.23-5.42 (4H, c.m., 
2*=CH2) 5.97-6.10 (2H, c.m., J 4.04 Hz, 2><CH) 6.78-6.83 (2H, d of d, J  8.8 Hz, 
2xAr-H) 7.05-7.15 (2H, d of d, J  8.8 Hz, 2xAr-H); FT-IR v(th in  film) 3080 (w), 
3040 (w), 3020 (w), 2960 (m), 2930 (m), 2880 (m), 1660 (w), 1610 (m), 1580 (m),
1510 (vs), 1460 (w), 1380 (m), 1360 (m), 1250 (s), 1025 (s), 1025 (s), 1000 (s),
930 (m) and 830 (s) cm"'1.
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(2.3.2) 2,2 '-B is (4-n~propyloxyphenyl)isopropylidene (2), Phase B
2,2'-£is(4-allyloxyphenyl)isopropylidene (as prepared in Section 2.3.1 -  
compound (!)) (6 g, 0.02 mole) was dissolved in chloroform (25 cm3) in a
250 cm3 round-bottomed flask. To th is  solution was added a 5% Palladium 
(Pd) on charcoal ca ta ly st (0.2 g). The re su ltin g  mixture was reacted with 
hydrogen with ag ita tio n  (using the hydrogenation method described by 
Augustine, 19 6 5)(28J for approximately th ree  hours u n til no fu rth e r uptake 
of hydrogen was observed. The reaction  mixture was f il te re d  to  remove the 
cata ly st, and the chloroform removed on the ro tary  evaporator. The product 
was successfully  d is til le d  under reduced pressure to produce a c lear liquid 
d is t i l la te  (bp 190-200T, 0.01 mmHg) which became quite  viscous on cooling 
to ambient tem perature to  yield 5.88 g (98%) of the desired product (an 
amber o il) (Found: 80.76 C, 8.87 H; Calculated for C2,H2e02: 80.73 C, 9.03 H%); 
JH nmr (300 MHz; CDC13; standard TMS) 0.99-1.04 (6H, t, 7 7.4 Hz, 2*Me of 
n-Pr) 1.72-1.84 (4H, c.m., 7 7.25 Hz, 2XCH2) 1.63 (6H, s, 2*Me) 3.86-3.91 (4H,
t, 7 6.56 Hz, 2XCH2) 6.77-6.80 (4H, d of d, 7 8.84 Hz, 2xAr-H> 7.11-7.14 (4H,
d of d, 7 8.86 Hz, 2xAr~H); FT-IR v(thin  film) 3080 (w), 3050 (w), 3040 (w),
2970 (s), 2940 (m), 2920 (m), 2880 (m), 1610 (m), 1590 (s), 1510 (vs), 1470 (m),
1390 (m), 1380 (m), 1360 (m), 1250 (vs), 1020 (m) and 830 (s) cm'"1.
(2.3.3) 2 ,2 ,-B is(3-allyl-4-hydroxyphenyl)isopropylidene (3), Phase C
A solution of 2,2 '-bis(4-allyloxyphenyl)isopropylidene (prepared as (i) 
-  Section 2.3.1) (10 g, 0.03 mole) in 2 (2'-ethoxyethoxy)ethanol (50 cm3) was 
subjected to  a Claisen rearrangement (see Section 2.2) by heating the a lly l 
ary l e ther at 200-205 X (5 hours). The high-boiling solvent was removed by 
d is ti l la t io n  under reduced pressure and the product was obtained as a 
s lig h tly  viscous, clear liquid d is t i l la te  (bp 190°C, 0.5 mmHg) yielding 6.50 
g (65%) of the desired product (Found: 81.69 C, 8.06 H; Calculated for 
C2,H2402: 81.82 C, 7.79 H%); JH nmr (300 MHz; CDC13; standard TMS) 1.60 (6H, s, 
2xMe) 3.33-3.35 (4H, d, 7 6.3 Hz, 2XCH2) 5.06-5.12 (4H, c.m., 2X=CH2) 5.20 (2H, 
s, 2X0H) 5.90-6.03 (2H, c.m., 7 1.85 Hz, 2XCH) 6.65-6.67 (2H, d, 7 8.08 Hz, 
2xAr-H) 6.92-6.95 (4H, c.m., 4xAr-H); FT-IR v(th in  film) 3440 (bs), 3080 (w),
3005 (w), 2960 (s), 2940 (m), 2880 (w), 1640 (m), 1610 (m), 1590 (w), 1500 (vs),
1470 (w), 1390 (w), 1365 (m), 1260 (vs), 1000 (s), 920 (s) 820 (s), 780 (m), and
760(m) cm"1.
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Figure 2.5 *H nmr Spectrum of (J), 300 MHz, CDCIq.
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Figure 2.6 JH nmr Spectrum of <7), 300 MHz, CDC13.
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Figure 2.7 *H nmr Spectrum of (6), 300 MHz, Dfc-DMSO.
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(2.3.4) 2t2 ,-Bis(3-n-propyl-4-hydroxyphenyl)isopropyHdene (4), Phase D
2,2'-.8is(3-allyl-4-hydroxyphenyl)isopropylidene (prepared as (.2) 
Section 2.3.3) (10.15 g, 0.03 mole) was placed in a 250 cm3 round-bottomed 
flask  and dissolved in chloroform (200 cm3). To th is  so lu tion  was added a 
ca ta ly st (5% Pd on charcoal) (0.5 g), and hydrogen was passed through the 
ag ita ted  mixture for four hours u n til  no fu rth e r uptake of hydrogen was 
observed. The ca ta ly st was removed by f i l tra tio n , and the chloroform 
removed on the ro ta ry  evaporator, p rio r to  a d is ti l la t io n  under reduced 
pressure. The residue d is ti l le d  as a c lear liquid (bp 185 *C, 0.2 mmHg), which 
became extremely viscous on cooling, to  yield 17.68 g (87%) of the  desired 
product (Found: 80.85 C, 8.90 H; Calculated for C2 iH20O2, 80.73 C, 9.03 H%); *H 
nmr (300 MHz; CDC13; standard TMS) 0.89-0.94 (6H, t, J  7.31 Hz, 2*Me in n-Pr) 
1.52-1.64 (4H, c.m., 2xCH2-Me) 1.60 (6H, s, 2xMe) 2.49-2.54 (4H, t, J  7.42 Hz, 
2xCH2-Ar) 4.96 (2H, bs, 2x0H) 6.61-6.64 (2H, d, J  8.27 Hz, 2xAr-H), 6.89-6.95 
(4H, c.m., 4xAr-H); FT-IR v(th in  film) 3400 (bs), 3020 (w), 3010 (w), 2960 (vs), 
2930(s), 2870 (s), 1610(w), 1500(vs), 1465(m), 1380(m), 1360(m), 1260(s),
820 (s) and 760 (vs) cm- 1 .
(2.3.5) 2,2,-Bis[3-di (propan-l,2-diol)-4-hydroxyphenyUisopropylidene
(5), Phase E
The synthetic  procedure was based on a general method for epoxidation 
described by Rosowsky (1964)t162> and G rit te r  (1967).<68>
To a 500 cm3, three-neck, round-bottomed flask  equipped with a 
thermometer, water condenser (for venting oxygen or for emergency cooling), 
graduated dropping funnel and mechanical s t i r r e r  were added a so lu tion  of 
2,2 '-bis(3-allyl-4-hydroxyphenyl)isopropylidene (prepared as compound (3), 
see Section 2.3.3) (10.15 g, 0.03 mole) in dichloromethane (75 cm3). The 
mixture was s tir re d  and the tem perature maintained a t 25 X by cooling as 
required with an ice bath during the addition of a so lu tion  of m- 
chloroperbenzoic acid (11.78 g, 0.07 mole) in dichloromethane (120 cm3). 
Agitation was continued for 12 hours while refluxing the mixture (as an 
amber solution) a t 60X. A fter cooling to  ambient tem perature, excess acid 
was destroyed by addition of 10% aqueous sodium su lph ite  u n til  a negative 
te s t  with starch  iodide paper was obtained. The reaction  mixture was then 
tran sfe rred  to  a separatory funnel, and the organic layer washed
successively with 5% aqueous sodium bicarbonate so lution to  ex trac t the m- 
chloroperbenzoic acid, followed by d is t i l le d  water (containing a l i t t l e  
sodium chloride to  break the emulsion), and fina lly  with a sa tu ra ted  sodium 
chloride solution. The organic layer was dried over sodium sulphate and the 
solvent removed on the ro ta ry  evaporator. To th is  crude in term ediate 
containing the diepoxide (29.65 g), was added 1.0 M aqueous sodium
hydroxide (500 cm3) and the re su ltin g  mixture refluxed a t 100X (24 hours). 
The reaction mixture was then neutralized  with concentrated sulphuric acid 
-  p rec ip ita ting  a brown o il which was ex tracted  in a minimum of 96% 
ethanol, added dropwise in to  v ig o ro u sly -s tirred  60-80 petroleum s p ir i t  and 
s tir re d  overnight. The petroleum s p ir i t  was removed by d is ti l la t io n  and the 
residue dissolved in aqueous sodium hydroxide, f il te re d  a t the pump, and
acid ified  (pH4) to  re -p re c ip ita te  the crude product, The product (3) (which
failed  to  d is t i l  under reduced pressure) was dried in a vacuum oven (45X, 
48 hours) to  yield a brown viscous liqu id  which became a near g lass  a t 
room tem perature (yield 3.66 g, 30%) (Found: 68.68 C, 7.10 H; C2iH2806 
requires: 67.00 C, 7.50 H%); *H nmr (300 MHz; CD30D; standard TMS) 1.58 (6H, 
s, 2*Me+solvent) 2.05-2.16 (4H, d, J  9.95Hz, 2*CH2-Ar) 2.93-3.32 (2H, c.m., J  
9.95 Hz, 2xCH) 3.3 (s, CH-0H + solvent) 3.64-3.69 (4H, d, J  4.98 Hz, 2xCH2) 
4.8 (s, 2xCH2-0H + solvent) 6.53-6.63 (2H, d, J  8.78 Hz, 2xAr-H) 6.91-7.00 
(4H, 2xd, J  7.61 Hz, 4xAr-H); FT-IR v(th in  film) 3400(bs), 3070(w), 3050(w), 
3020 (w), 2970 (s), 2940 (s), 2880 (s), 1610 (m), 1490 (vs), 1465 (s), 1450 (s),
1380 (s), 1360 (s), 1240 (vs), 1110(s), 1050 (vs), 820 (s), and 740 (m) cm"1.
(2.3.6) 2,2'-Bis (4-allyloxyphenyl)hexafluoroisopropylidene (6), Phase F
A sim ilar procedure to  th a t reported for the sulphone analogue by 
Shinmoto (1985)<169> was employed.
To a five-neck, one l i t r e  reaction  vessel equipped with thermometer, 
mechanical s t i r r e r ,  water condenser and nitrogen in le t/o u tle t,  was added 
4,4'-hexafluoroisopropylidene diphenol (33.6 g, 0.08 mole), d is t i l le d  water 
(150 cm3), toluene (150 cm3), and sodium hydroxide (12 g). The re su ltin g  
mixture was dissolved completely with s t ir r in g  under n itrogen forming a 
pink solution, and to  i t  were added tetramethylammonium bromide (a phase
tra n s fe r  ca ta ly s t) (1 g) and, slowly, a lly l bromide (36.3 g, 0.30 mole). The
re su ltin g  two-phase solution was reacted  a t 50-60°C (20 hours), during 
which time the reaction mixture became colourless. At the conclusion of the
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reaction  (when n eu tra l to  universal ind icator paper), the p rec ip ita ted  
sodium bromide was removed by f i l t r a t io n  and the water and toluene 
d is tille d  off on the ro ta ry  evaporator. The residue was ex tracted  with 
d ie thy le ther and thoroughly shaken with d is ti l le d  water (2*100 cm3) to  
remove remaining traces  of sodium bromide. A fter separation of the aqueous 
layers, the organic layers were combined and s t ir re d  overnight using a 
magnetic s t i r r e r  with anhydrous sodium sulphate. The mixture was f i l te re d  
and the d iethy l e th er removed by d is tilla tio n . The residue, an opaque, 
viscous o il, was rigorously  dried in a drying p is to l (50 °C, 48 hours) to  
yield 35.51 g (86%) of the desired product (no fu rth e r p u rifica tio n  was 
necessary on the product as synthesized which was found to  have the 
correct microanalysis) (Found: 60.44 C, 4.36 H; Calculated for C21H,e02F6: 
60.58 C, 4.36 H%); ‘ H nmr (300 MHz; CDC13; standard TMS) 4.53-4.55 (4H, d, J  
5.3 Hz, 2*CH2-0 ) 5.28-5.45 (4H, c.m., 2*=CH2) 5.98-6.11 (2H, c.m., 7 5.5Hz,
2*CH) 6.87-6.90 (4H, d, J  9.04 Hz, 4*Ar-H) 7.29-7.31 (4H, d, 7 8.6 Hz, 4*Ar-H); 
FT-IR v(th in  film) 3090 (w), 3060 (w), 3020 (w), 2960 (w), 2920 (w), 2870 (w), 
1650 (w), 1615 (s), 1580 (m), 1515(vs), 1260(vs), 1025(s), 1000(s), 930(s),
830 (s) and 740(m) cm- 1 .
(2.3.7) 2,2,~bis(4-n-propyloxyphenyl)hexafluoroisopropylidene (7)
Phase G
The hydrogenation procedure described in Section (2.3.2 )<28) was 
employed to  sa tu ra te  the a lly l e ther (5).
2,2'-Bis(4-allyloxyphenyl)hexafluoroisopropylidene (3 g, 0.01 mole) was 
placed in a 250 cm3 round-bottomed flask, to  which was added chloroform 
(200 cm3) and a 5% Pd on charcoal ca ta ly s t (0.5 g). The re su ltin g  mixture 
was then hydrogenated in the usual manner u n til  no fu rth e r uptake of 
hydrogen was observed (5 hours). The reaction  mixture was f i l te re d  to  
remove the ca ta ly st and the chloroform removed by d is t i l la t io n  to  produce 
an amber-coloured ta r. This residue was rigorously  dried under vacuum in a 
drying p is to l (50*C, 10 hours) to  yield 2.97 g (98%) of the desired  product 
(Found: 60.15 C, 5.51 H; Calculated for C ^H ^O ^: 60.00 C, 5.27 H%); *H nmr 
(300 MHz; CDCl*,; standard TMS) 1.01-1.06 (6H, t, 7 7.43Hz, 2*Me) 1.72-1.86 
(4H, c.m., 7 7.23 Hz, 2*CH2) 3.90-3.94 (4H, t, 7 6.51 Hz, 2*CH2-0 ) 6.85-6.88
y
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Figure 2.8 *H nmr Spectrum of <£), 300 MHz, CDCl^ .
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Figure 2.9 ‘H nmr Spectrum of (14), 300 MHz, CDCI3.
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(4H, d, J  9.04 Hz, 4xAr-H) 7.28-7,31 <4H, d, J  8.69 Hz, 4xAr-H); FT-IR v(th in  
film) 3060 (w), 2970 (m), 2940 (s), 2880 (m), 2860 (m), 1612 (s), 1580 (w), 1520 (vs), 
1470 (m), 1390(m), 1255 (vs), 1022 (m), and 830 (m) cm- '1..
(2.3.8) 2,2'-bis (3-allyl-4-hydroxyphenyl)hexafluoroisopropylidene (8),
Phase H
2,2'-£is(4-allyloxyphenyl)hexafluoroisopropylidene (prepared as (6), see 
Section 2.3.6) (7.05 g, 0.02 mole) was subjected to  a Claisen rearrangement 
(see Section 2.2) by heating the neat a lly l a ry l e th er at 200-205 °C under 
nitrogen (24 hours). The g la ss-lik e , brown ta r  was d is ti l le d  under reduced 
pressure and a single d is t i l la te  was collected as a clear, s lig h tly  viscous 
liquid (bp 130°C, 0.025 mmHg) to  yield 6.75 g (90%) of the desired product 
(Found: 60.44 C, 4.39 H; Calculated for C21Hie02F6: 60.58 C, 4.36 H%); *H nmr 
(300 MHz; CDC13; standard TMS) 3.35-3.37 (4H, d, J  6.1 Hz, 2><CH2-Ar) 5.06-5.12 
(4H, c.m., 2*=CH2) 5.59 (2H, bs, 2*0H) 5.89-6.02 (2H, c.m., 2xCH) 6.76-6.79 (2H, 
d, J  8.5 Hz, 2*Ar-H) 7.14-7.19 (4H, c.m., 4xAr-H); FT-IR v(th in  film) 3450(bs), 
3080 (w), 3060 (w), 3040 (w), 3008 (w), 2980 (w), 2920 (w), 2850 (w), 1640 (m),
1610 (m), 1595 (m), 1510 (s), 1440 (m), 1250 (vs), 1000 (m), 920 (m), 820 (m),
780 (m), 740 (m) and 715 (m) cm” 1.
(2.3.9) 2,2 '-bis (3-n-propyl-4-hydroxyphenyl)hexafliioroisopropylidene 
(9), Phase I
2,2'-B is(3-allyl-4-hydroxyphenyl)hexafluoroisopropylidene (prepared as 
(8), see Section 2.3.6) (6 g, 0.01 mole) was placed in a one l i t r e  round- 
bottomed flask  and dissolved in chloroform (500 cm3). To th is  so lu tion  was 
added a ca ta ly st (5% Pd on charcoal) (0.5 g) and hydrogen was passed
through the ag ita ted  mixture for 3te hours u n til  no fu rth e r uptake of the 
gas was observed. The ca ta ly st was removed by f i l tra tio n , and the
chloroform removed on the ro ta ry  evaporator. The clear, liqu id  residue was 
rigorously dried in a drying p is to l (40*C, 24 hours) to  yield 5.88 g (98%) 
of the desired product (Found: 59.36 C, 5.34 H; Calculated for C21H,802F6: 
60.00 C, 5.27 H%); JH nmr (300 MHz; CDC13; standard TMS) 0.88-0.93 (6H, t, J  
7.36 Hz, 2*Me) 1.52-1.64 (4H, m, J  7.54 Hz, 2*CH2) 2.52-2.57 (4H, t, J  7.32 Hz, 
2xCH2-Ar) 4.7-5.7 (2H, b, OH) 6.72-6.75 (2H, d, J  8.45 Hz, 2xAr-H) 7.09-7.14
(4H, c.m., 4xAr-H); FT-IR v(th in  film) 3400 (bs), 3080 (w), 3040 (w), 2963 (vs),
2934(vs), 2874(vs), 1613(s), 1580(s), 1511 (vs), 1462 (m), 1385 (m), 1360 (m), 
1250 (vs), 830 (s), 780 (m) and 745 (s) cm” 1.
(2.3.10) Bis(4-aJLLyloxyphenyl)sulphone (10)
The method f i r s t  reported by Shinmoto (1985)<169> was employed to  
prepare th is  crude interm ediate in the syn thesis of ( if) .
A five-neck, tw o -litre  reaction  vesse l was equipped with mechanical 
s t i r r e r ,  thermometer, p ressure-equalized dropping funnel, and n itrogen 
in le t/o u tle t. To th is  vessel were added d is ti l le d  water (150 cm3), toluene 
(150 cm3), sodium hydroxide (12 g), and 4,4'-sulphonyldiphenol (25 g, 0.1
mole) and the contents s t ir re d  under n itrogen u n til complete so lu tion  was 
obtained. To th is  so lu tion  were added tetramethylammonium bromide (1 g) 
and, slowly, a lly l bromide (36.3 g, 0.3 mole) and the re su ltin g  so lu tion
reacted a t 50-60*C (15 hours). Upon completion of the reaction  the toluene
was removed by steam d is ti l la t io n  to  yield 29.8 g (90%) of the interm ediate 
a lly l a ry l e ther as white c ry s ta ls  (mp 143-145*0; *H nmr (300 MHz, CDC13, 
standard TMS) 4.64-4.66 (4H, d, J  5.23 Hz, 2*0-CH2) 5.25-5.42 (4H, c.m.,
2*=CH2) 5.96-6.09 (2H, c.m., J  5.25 Hz, 2*CH) 7.11-7.14 (4H, d, J  8.93 Hz, 
4*Ar-H) 7.83-7.86 (4H, d, J  8.90 Hz, 4*Ar-H>; FT-IR v(KBr disk) 3080 (w),
3040 (w), 3020 (w), 2980 (m), 2960 (m), 2920 (s), 2850 (m), 1650 (w), 1595 (vs),
1580 (s), 1500 (s), 1460 (s), 1260 (vs), 1020 (m), 1000 (s), 940 (m) and 840 (s)
cm-1 .
(2.3.11) Bis (3-allyl-4-hydroxyphenyl)sulphone (11), Phase J
The bis (4-allyloxyphenyl)sulphone thus obtained from Section (2.3.11) 
(15 g, 0.05 mole) was completely dissolved in o c ta n - l-o l (50 cm3), and the 
resu ltin g  so lu tion  heated a t 208*C (30 hours). A fter completion of the
Claisen rearrangement, the phenolic product was ex tracted  with an aqueous 
solution of 48% (w/w) sodium hydroxide (50 cm3), tre a ted  with ac tiva ted
charcoal, and neutralized  using d ilu te  hydrochloric acid to  produce a tan - 
coloured solid. R ecrystallization  of th is  tan so lid  (from an 50/50 
ethanol/w ater mixture) with a fu rth e r charcoal treatm ent yielded a 
greenish-tinged  ta r  which, upon t i tu ra tio n  in 40-60 petroleum s p ir i t  
released the occluded solvent to  produce a white powder. A second 
rec ry sta lliza tio n  (50/50 ethanol/w ater) produced white needle c ry s ta ls  which
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were rigorously dried in a drying p is to l (100°C, 48 hours) to  yield 12.75 g 
(85%) of the desired product (Found: 65.18 C, 5.33 H; Calculated for
C1 8 H)8 04 S: 65.43 C, 5.49 H%) nmr (300 MHz; D6 -DMS0; standard TMS) 3.30-
3.39 (4H, d of d, J  6.67 Hz, 2*CH2 -Ar) 5.03-5.08 (4H, c.m., 2*=CH2) 5.85-5.99 
(2H, c.m., 2XCH) 6.92-6.95 (2H, d, J  8.82 Hz, 2xAr-H) 7.54-7.62 (2H, c.m.,
2*Ar-H) 10.68 (2H, s, 2X0H); FT-IR v(KBr disk) 3390(bs), 3080(w), 3000(w), 
2980 (w), 2960 (w), 2940 (w), 2920 (w), 2850 (w), 1640 (m), 1600 (s), 1580 (s),
1500 (s), 1420 (s), 1290 (vs), 1235 (vs), 1150(m), 1000 (m), 925 (m), 825 (s), and 
700 (s) cm"1.
(2.3.12) Bis (4-allyloxyphenyl)sulphide (12), Phase K
A five-neck, tw o -litre  reaction  vessel was equipped with mechanical 
s t i r r e r ,  thermometer, pressure-equalized dropping funnel, and nitrogen 
in le t/o u tle t. To th is  vessel were added d is ti l le d  water (600 cm3), toluene
(600 cm3), sodium hydroxide (48 g) and 4,4 '-thiodiphenol (80.59 g, 0.26
mole), and the re su ltin g  mixture s t ir re d  under nitrogen u n til so lu tion  was 
complete. To th is  two-phase solution were added tetramethylammonium 
bromide (4 g) and, slowly, a lly l bromide (14.25 g, 0.12 mole) and the 
re su ltin g  mixture reacted  a t 50-60X as a pale yellow so lution (20 hours). 
At the conclusion of the reaction  the p rec ip ita ted  sodium bromide was 
removed by f i l t ra t io n  and the aqueous layer separated in a separatory  
funnel. The toluene was removed from the organic layer by d is t i l la t io n  to  
leave an amber residue, which was ex tracted  with d iethyl e th er and washed 
thoroughly with d ilu te  hydrochloric acid (to remove any ca ta ly st converted 
to the corresponding amine during the course of the reaction). The organic 
layer was then washed with d is ti l le d  water u n til  n eu tra l washings were 
obtained, The diethyl e ther was removed by d is ti l la t io n  and the product 
rigorously dried under vacuum in a p is to l (45 X, 10 hours) to  y ield  88.14 g 
(80%) of the crude product (a dark red-brown o il) (Found: 72.15 C, 6.58 H; 
Calculated for C1 8 H,8 02 S: 72.45 C, 6.08 H%) *H nmr (300 MHz; CDC13; standard 
TMS) 4.39-4.41 (4H, d, J  5.25 Hz, 2xCH2 -0 ) 4.97-5.36 (4H, c.m., 2X=CH2) 5.88- 
6.02 (2H, c.m., 2XCH) 6.77-6.79 (4H, d, J  8.79 Hz, 4xAr-H) 7.21-7.24 (4H, d, J
8.78 Hz, 4xAr-H); FT-IR v(th in  film) 3080 (w), 3070 (w), 3040 (w), 3005 (w), 
2990 (w), 2960 (w), 2935 (w), 1640 (m), 1595 (s), 1570 (s), 1510 (s), 1495 (vs),
1460 (s), 1240 (vs), 1020 (m), 1000 (s), 925 (s) and 830 (s) cm"1.
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(2.3.13) 2,2'-Bis(3-allyl-4-allyloxyphenyl)isopropylidene (13), Phase L
A o n e -litre , three-neck, round-bottomed flask  was equipped with 
mechanical s t i r r e r ,  pressure-equalized  dropping funnel, thermometer, and 
nitrogen in le t/o u tle t. To th is  vessel were added sodium hydroxide (14 g, 
0.34 mole), 2,2,-jbis(3-allyl-4-hydroxyphenyl)isopropylidene -  prepared as 
compound (3), see Section 2.3.3 -  (51 g, 0.165 mole), and p ro p an -l-o l (500 
cm3) and the re su ltin g  mixture heated under reflux  (under n itrogen) as an 
amber-coloured solution. When complete so lu tion  had been achieved the
solu tion  was allowed to  cool s lig h tly  before a lly l bromide (35.04 cm3, 0.405 
mole) was slowly added (under nitrogen). The re su ltin g  so lu tion  was again 
heated under reflux  (30 hours) u n til the yellow solu tion  was n eu tra l to
universal indicator paper. A fter cooling to  ambient tem perature the 
p rec ip ita ted  sodium bromide was f il te re d  o ff a t the pump and the 
p ro p an -l-o l removed by d is til la tio n . The crude product thus obtained was 
ex tracted  in to  dichloromethane and the organic layer washed well with
d is tille d  water. After separating  the aqueous layer and combining the 
organic phases, the product was dried over sodium sulphate, f i l te re d  and 
the dichloromethane removed by d is tilla tio n . The purified  product was 
rigorously dried in a drying p is to l over phosphorus pentoxide (45°C, 24 
hours) to  yield 54.49 g (85%) of s lig h tly  viscous, amber o il (Found: 83.34 C, 
8.32 H; Calculated for C2 7 H3 2 02: 83.46 C, 8.30 H%) *H nmr (300 MHz; CDC13;
standard TMS) 1.61 (6 H, s, 2*Me) 3.35-3.37 (4H, d, J  6.5 Hz, 2*CH2 -Ar) 4.48- 
4.49 (4H, d of d, J  1.34 Hz, 2*CH2 -0 ) 4.96-5.03 (4H, c.m., 2*=CH2) 5.20-5,24 
(2H, d of d, J  1.57Hz, =CH2) 5.34-5.43 (2H, d of d, J  1.65Hz, =CH2) 5.90-6.09 
(4H, c.m., 4*CH) 6.69-6.72 (2H, d, J  8.31 Hz, 2*Ar-H) 6.97-6.99 (4H, c.m., 
4xAr-H); FT-IR v(th in  film) 3078 (m), 3060 (m), 3020 (w), 3008 (w), 2968 (s), 
2929 (m), 2910 (m), 2860 (m), 1640 (m), 1606 (m), 1500 (vs), 1462 (m), 1385 (m),
1360(m), 1248(vs), 1025(s), 998(s), 918(s) and 811(s) cm"1.
(2.3.14) 2,2 '-Bis (3,5-diallyl-4-hydroxyphenyl)isopropylidene (14),
Phase M
A o n e-litre , three-neck flask  was equipped with mechanical s t i r r e r ,  
thermometer, and nitrogen in le t/o u tle t and to  th is  reaction  vesse l was 
added 2 ,2 '-bis(3-allyl-4-allyloxyphenyl)isopropylidene -  prepared as (13), 
see Section (2.2.13) -  (8.47 g, 0.02 mole). The contents of the vesse l were 
heated (using a therm ostatted  s ilicone o il  bath) under n itrogen a t 190-
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210*C (5 hours) to undergo the Claisen rearrangement. The phenolic product 
(a viscous, dark amber o il) was rigorously dried in a drying p is to l (50 X, 
72 hours) to yield 7.62 g (90%) of the desired product (Found: 83.20 C, 8.29 
H; Calculated for C2 7 H3 2 02: 83.46 C, 8.30 H%) 1H nmr (300 MHz; CDCI3 ; standard 
TMS) 1.60 (6 H, s, 2xMe) 3.34-3.36 (8 H, d, J  6.3 Hz, 4XCH2) 5.03-5.13 (8 H, c.m., 
4X=CH2) 5.07 (2H, s, 2*0H) 5.91-6.04 (4H, c.m., 4XCH) 6.85 (4H, s, 4*Ar-H); FT- 
IR v (thin film) 3535 (bvs), 3078 (m), 3060 (m), 3004 (m), 2973 (s), 2928 (s),
2911 (m), 2870 (m), 1638 (s), 1606 (m), 1500 (m), 1479 (vs), 1432 (s), 1383 (m),
1361 (m), 1179 (s), 997 (s), 914 (vs), and 760 (m) cm"1.
(2.3.15) Bis (3-nitro-4-hydroxyphenyl)sulphone (15)
Using a method f i r s t  reported by 0k6n and Urbanski (1963)<1A7) the 
n itro  derivative of Bisphenol-S was prepared. This compound was to  serve as 
an interm ediate to  the more usefu l amino derivative (16).
To a 500 cm3, three-neck, round-bottomed flask  was added f i r s t  
concentrated sulphuric acid (250 cm3), then to  the acid (at 20 X) was added 
4,4'-sulphonyldiphenol (50g, 0.2 mole). The flask  was cooled to 15 X (by 
means of a water bath) and concentrated n itr ic  acid (26 cm3) -  not 250 cm3 
as mistakenly quoted in ref. 147 -  was slowly added a t such a ra te  tha t
the tem perature of the reaction  vessel did not r is e  above 30 °C. The
resu ltin g  mixture was heated a t 60-70X (30 minutes), d ilu ted  with an equal 
volume of d is til le d  water, and f il te re d  a t the pump. The crude canary-yellow 
solid  was recry sta llized  (ethanol) to  produce pale yellow needle c ry s ta ls . 
The c ry sta ls  were rigorously dried in a drying p is to l (60 X, 48 hours) to  
yield 44.90 g (8 8 %) of the desired product, mp 234-236X, l i t  231-233Xc 151J
(Found: 41.36 C, 2.16 H, 8.25 N; Calculated for C1 2 HieN2 0sS: 42.36 C, 2.37 H,
8.23 N%) *H nmr (300 MHz; D6 -DMS0; standard TMS) 7.28-7.31 (2H, d, J  8.84 
Hz, 2xAr-H) 8,06-8.10 (2H, d of d, J  2.21 Hz, 2 xAr-H) 8.45-8.46 (2H, d, J  2.16 
Hz, 2xAr-H); FT-IR v(KBr disk) 3280 (s), 3U0(w), 3100 (w), 1620 (vs), 1580 (s),
1530 (s), 1489 (s), 1330 (vs), 1320 (vs), 1260 (vs), 1150 (vs), 830 (s), 770 (s),
745 (s), and 705 (s) cm-1 .
(2.3.16) Bis (3-amino-4-hydroxyphenyl)sulphone (16)
The same method f i r s t  reported by Okon and Urbanski (1963)<1il7J also  
outlines the preparation of the ortho-diamino derivative of Bisphenol-S.
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This compound was prepared for use as a s ta r tin g  m aterial fo r fu rth er 
deriva tization  of the amino groups.
To a tw o -litre  Erlenmeyer flask  equipped with a magnetic s t i r r e r  was 
added bis (3-nitro-4-hydroxyphenyl)sulphone -  prepared as compound (15), see 
Section (2.2.15) -  (34 g, 0.12 mole). To th is  was added 25% aqueous ammonia 
(820 cm3), the tem perature ra ised  to  50X, and the mixture s t i r r e d  u n til 
complete so lu tion  was achieved. To th is  so lution was added sodium
thiosulphate (127 g, 0.80 mole), and the re su ltin g  mixture heated on a
water bath a t 100 X ( 6  hours). The so lu tion  was allowed to  cool
p rec ip ita tin g  the crude product as a white solid  which was rec ry sta llized  
(ethanol) and rigorously dried in a drying p is to l (40*C, 96 hours) to  yield
23.8 g (71%) of the desired product (mp 234 X . (dec.-) l i t  270-271 X< 1 S 1  \  220- 
223 (dec.) data from the Sadtler Catalogue of in frared  spectra) (Found:
51.61 C, 4.29 H, 9.90 N; Calculated for C,2 H,2 N2 04 S: 51.42 C, 4.32 H, 9.99 N%) 
»H nmr (300 MHz; D6 -DMS0; standard TMS) 4.2-6.0 (4H, bs, 2*NH2) 6.73-6.75 
(2H, d, J  8.21 Hz, 2*Ar-H) 6.88-6.92 (2H, d of d, 7 2.19 Hz, 2xAr-H) 7.01-7.02 
(2H, d, 7 2.19 Hz, 2xAr-H); FT-IR v(KBr disk) 3460 (s), 3380 (vs), 3300 (vs),
3080 (s), 3020 (s), 1610(s), 1600 (s), 1580 (s), 1500 (vs), 1310(vs), 1220 (s),
1140(vs), 810(s), 780(s), and 700(s) cm” 1.
(2.3.17) Bis(3-acetamido-4-hydroxyphenyl)sulphone (17)
Using a general ace ty la tion  procedure outlined in re f. 134 an acety l
derivative of Bisphenol-S was prepared in a crude s ta te .
To a 250 cm3 Erlenmeyer flask  equipped with a three-neck  adaptor 
containing a water condenser, thermometer, and dropping funnel were added 
the diamine fc>is(3-amino-4-hydroxyphenyl)sulphone -  prepared as (15),
Section (2.3.16) -  (2 g, 0.007 mole), ace tic  anhydride (68.39 cm3, 0.72
moles), and g lac ia l ace tic  acid (68.39 cm3, 1.19 moles). The re su ltin g  
mixture was boiled gently  to  reflux  as a c lear so lu tion  (10 minutes). The 
hot solution was then poured in to  cold, v ig o ro u sly -s tirred  d is t i l le d  water 
immediately p rec ip ita ting  the crude product as a white solid . The so lid  was 
f il te re d  a t the pump and washed well with d is tille d  water ( 2 0 0  cm3). 
R ecrystallization  was performed twice (from acetic  acid:water, 1:2) followed 
by repeated water washings (300 cm3). The product, a buff-coloured solid , 
was rigorously dried in a drying p is to l (40X, 48 hours) to  yield 2.23 g
(8 8 %) of the product (mp 268 *C, dec.) (Found: 52.44 C, 4.28 H, 7.89 N; 
C1 6 H1 6 N2 06S requires: 52.74 C, 4.43 H, 7.69 N%) 1H nmr (300 MHz; D6 -DMS0; 
standard TMS) 2.10 (6 H, s, 2*Me) 6.99-7.01 (2H, d, 7 8.5 Hz, 2*Ar-H) 7.42- 
7.43 (2H, d of d, 7 2.1 Hz, 2*Ar-H) 8.43 (2H, s, 2*Ar-H) 9.37 (2H, s, 2*NH); 
FT-IR v(KBr disk) 3400 (s), 3060 (m), 3020 (m), 2960 (m), 2920 (m), 2880 (m), 
1660 (s), 1590 (s), 1540 (s), 1500 (s), 1370 (m), 1290 (vs), 1240 (m), 1150(s),
820 (m), 790 (m), and 700 (s) cm-1 .
(2.3.18) Bis(3-lauroylamido-4-hydroxyphenyl)sulphone (18)
To a three-neck, 100 cm3, round-bottomed flask  equipped with 
mechanical s t i r r e r ,  thermometer dropping funnel and water condenser was 
added a solution of 5is(3-amino-4-hydroxyphenyl)sulphone -  prepared as 
(15), see Section (2.3.16) (2 g, 0.007 mole) in dimethylacetamide (30 cm3). 
The vessel was cooled «5*C) by means of an ice bath, and to  the so lu tion  
were added tytf'-dimethylaniline (1.89 cm3, 0.0149 mole) and dropwise, with 
s tir r in g , a 10% excess (1.1 molar equivalent) of lauroyl chloride (3.47 cm3). 
The resu ltin g  mixture was refluxed at 130 *C (3 hours) during which time 
the reacton mixture became a clear, inky blue solution. The cooled so lu tion  
was acid ified  (pH 5) with d ilu te  hydrochloric acid to  p rec ip ita te  a pale 
purple solid  which was f il te re d  a t the pump and washed with a la rge  volume 
of d is tille d  water (500 cm3). The solid  was ex tracted  with d ie thy l e ther 
(becoming colourless as i t  did so) and again washed thoroughly with 
d is til le d  water. The organic layers were collected and combined, and the 
diethyl e ther removed by d is ti l la t io n  leaving a grey/w hite solid. This so lid  
was twice recry sta llized  (50/50, ethanol/w ater), tre a ted  with activated  
charcoal producing white p la te le t c ry s ta ls  on cooling and rigorously  dried 
in a drying p is to l (60 *C, 72 hours) to  yield 3.41 g (76%) of the crude 
product (mp 183-185*0. Following two rec ry sta lliza tio n s , the melting point 
of the crysta line  so lid  had risen  from 142-143*0 to  183-185*0, but the 
microanalysis c learly  demonstrated th a t the product was s t i l l  crude 
(although the *H nmr spectrum was consisten t with the proposed s tru c tu re  
see Figure 2.21 and assignments below). This was presumably due to  the 
occlusion of traces  of solvent in the long a lipha tic  chains being d if f ic u lt  
to remove. The unexpectedly high melting point made the compound unsuitab le  
as e ith e r  a SAW coating or a GLC sta tio n ary  phase, and so pu rifica tio n  was 
discontinued (Found: 65.76 C, 8.33 H, 4.45 N; C3 6 HS6 N2 0 6S requires: 67.05 C, 
8.75 H, 4.34 N%) *H nmr (300 MHz; D6 -DMS0; standard TMS) 0.82-0.87 (6 H, t, 7
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Figure 2.12 1H nmr Spectrum of (18), 300 MHz, D6-DMS0.
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6.08 Hz, 2xMe) 1.24 (32H, s, -(C H ^ -) 1,54-1.56 (4H, t, 2 X-CH2 "<CH2)8- )  2.37-
2.39 (4H, t, 7 7.31 Hz, -C&-C0) 6.98-7.01 <2H, d, J  8.51 Hz, 2*Ar-H> 7.42-7.45
(2H, d of d, 7 2.1 Hz, 2xAr-H) 8.44-8.45 (2H, d, 7 1.41 Hz, 2xAr-H) 9.27 <2H,
s, 2XNH) 10.85 (2H, bs, 2X0H); FT-IR v(KBr disk) 3340(s), 3060(bs), 3080(w), 
3020 (w), 2980 <s), 2960 (s), 2850 <s), 1655 <s>, 1610 (s), 1590 (s), 1530 (vs),
1500 (s), 1420 (vs), 1380 (s), 1290 (vs), 1240 (s), U 50(s), 830 (s), 700 (s) cm-1.
(2.4) SUMMARY OF SYNTHETIC PROCEDURES
A range of bisphenolic derivatives were successfu lly  prepared and 
purified  by a range of techniques. Of these compounds (3), (4), (8 ), (9), and 
(13) are  phenols tha t are liquid  a t room tem perature and which are 
therefore  of p o ten tia l use as SAW coatings. Of the remaining so lid  
compounds, only (12) was su ffic ien tly  low melting to  allow evaluation of i t s  
so lu b lilty  p roperties using the GLC method. Previously-published compounds 
(15) and (16) were known to  have re la tiv e ly  high melting points, and were 
synthesized as precursors to  fu rth e r deriva tives of Bisphenol-S (with i t  
was hoped more favourable physical ch arac te ris tic s). Two novel compounds
(17 and 18) were prepared using (16) as a precursor (18 appeared to  have a
p articu la rly  promising s tru c tu re  with long a lip h a tic  Cn su b stitu en ts). 
However, in both of these cases the apparent interm olecular in te rac tio n s  
between the highly e lectronegative sulphone and carbonyl groups and the 
acidic phenolic proton were strong enough to  produce c ry s ta llin e  so lid s  
(with melting points high enough to  preclude GLC te s tin g  as both SAW 
coatings and GLC sta tio n ary  phases). One of the compounds (12) prepared and 
te s ted  in the course of th is  area of the research is  well known and has 
commercial uses (see Section 2.3.12 and r e f .169). A fu lle r  range of possib le 
assignments have been tabulated  in the Appendix.
<2.5) GLC EXPERIMENTAL
(2.5.1) Practical Considerations For The Measurement Of Partition
Coefficients
(2.5.1.1) Carrier Gas Flow Control
The basic gas chromatographic apparatus comprised a ‘Perkin-Elmer* 
(model F ID  gas chromatograph (GC) equipped with a flame ionization 
detecto r (FID). The instrum ent was modified by replacing the o rig in a l flow 
controls with h igh-precision 'N egretti and Zambra* (model M2545) flow 
con tro llers  in order to  ensure reproducible and steady gas flow ra te s  (the 
flow con tro llers  provided in commercial instrum ents usually prove to  be 
inadequate for th is  type of work). A flow regu la to r was placed p rio r to  the 
column in le t -  allowing the c a rr ie r  gas flow ra te  to  be adjusted to  between 
20 and 60 cm3/minute (the optimum ra te  for the 3-4 mm i.d. packed 
column) / * 7 ' 1 2 8 ' 1 3 2 1  In th is  way nitrogen (the ‘in e r t’ c a rrie r gas), supplied in 
high pressure cylinders, was regulated  via pressure-reducing valves to  a 
lower, more su itab le  operating pressure.
(2.5.1.2) Column Temperature Control
For measurements made a t ambient or near-am bient tem peratures the 
therm ostatting  of commercial instrum ents is  usually p a rticu la rly  poor. The 
o rig inal air-oven therm ostat had previously been replaced by a ‘Grant’ 
(model SX10) liq u id -fille d  therm ostat -  the columns being immersed to  a 
depth allowing complete coverage of the column packing. Liquid therm ostats 
provide much more e ff ic ie n t isotherm al tem perature control (to within 
± 0.05 K) and can provide column tem peratures of up to  -  420 K. The 
‘Perkin-Elmer’ (model FI 1) GC lends i t s e l f  easily  to  such a m odification 
because the head can be lif te d  d irec tly  from the oven and placed over the 
liquid therm ostat (unlike most modern GCs in which both components are 
combined in an in tegrated  system). The f i t  was actually  so precise th a t the 
surface area of water available for evaporation (and hence cooling) was 
e ffec tive ly  n il  -  re su ltin g  in a gradual r is e  in the tem perature of the 
water bath over a period of time. Consequently a ‘Grant’ (model CC15) 
immersion cooling unit had a lso  been introduced to  produce isotherm al
conditions, and minimize the e ffe c ts  due to  varia tions in the laboratory  
temperature.
(2.5.1.3) Accurate Determination o f Temperature and Pressure
Measurement of the in le t and o u tle t pressures, Pi and P0, is  not
usually a problem and is  carried  out using a mercury manometer <in the 
form of m ercury-in-glass ‘U’-tubes) with corrections being made for the
pressure varia tions. Column tem peratures were measured (± 0.05*C) with 
mercury thermometers which had been accurately  calib rated  at the National 
Physics Laboratory, Teddington. A hand-held, d ig ita l instrument ‘Tempcon* 
(model TCI 100) with a thermocouple was used to  measure the tem perature 
(± 0.1 K) of the soap so lu tion  and the c a rr ie r  gas in the soap-bubble 
meter. The thermocouple was calib rated  a t the tem perature to  be measured 
with the accurate thermometers available. The use of the thermocouple to  
measure the c a rrie r  gas tem perature in the flow meter was found to  be more 
su itab le  than a mercury thermometer because the c a rrie r  gas (sa tu ra ted  
with water from the soap so lu tion) condenses on the mercury bulb, and the 
la ten t heat produced re s u lts  in a fa lse  tem perature reading. This e ffe c t is  
not observed when using the thermocouple.
Exit gas flow ra te s  were measured with a soap-bubble meter, and were 
corrected both for the vapour pressure of water and the d ifference in the 
tem peratures of the soap-bubble meter and the GC column. As the GC 
apparatus was equipped with an FID i t  was necessary, for the determ ination 
of the ex it gas flow ra te , to  measure the flow ra te  through the je t  of the 
FID with the flame extinguished (and the a ir  and hydrogen supplies switched 
off) by placing a PVC tube tig h tly  over the gas je t nozzle (N.B., th is  is  not
a very convenient method as the detec to r flame has to  be extinguished and
the instrument allowed to  cool before a measurement may be made; i t  is  
a lso unsatisfac to ry  if  there  is  a s ig n ifican t p ressure  change a t the je t  
upon switching off the a ir  and hydrogen supplies). However, w hilst th is  is  
not as sa tis fa c to ry  as using a thermal conductivity meter, i t  su fficed  for 
the present purpose.
(2.5.1.4) Determination o f Chromatographic Parameters
One of the most d if f ic u lt  q u an titie s  to  measure is  VL, the volume of 
liquid s ta tionary  phase in the column a t the column tem perature. Several 
methods for measurement are available, but for a s ta tio n ary  phase used a t a 
tem perature a t which i t  is  a solid, Vu must be obtained from the weight of 
the sta tionary  phase and the (hypothetical) liquid density  a t the column 
temperature. I f  the K* (absolute K) values are known then re la tiv e  K values 
only are necessary and in th is  case a knowledge of VL is  not required. K* 
values for /ra lkane  so lu tes  were obtained, and the K values obtained for 
other so lu tes  re la tiv e  to  them.
Table 2,1 Absolute LogL Values for n-Alkanes a t  298 K
—— ----------------------------------------------- Stationary phase----------------------------------------------------
A B C D E F 6 H I J * K  L H N O
/K5 1,410 2,323 -  - -  -  1,822 - -  -  1,767 2,345 - 1,647 -
K 6  1,974 2,827 -  -  -  -  2,345 -  -  -  2,345 2,854 1,763 2,136 -
K 7 2,467 3,338 1,006 -  -  2,454 2,853 2,126 1,972 -  2,810 3,336 2,255 2,619 -
/?-C8 2,920 3,820 1.544 1,067 -  2,902 3,366 2,544 2,496 -  3,270 3,795 2,760 3,119 2,231
/rC9 3,420 4,304 2,072 1,649 1.345 3.371 3,867 3,005 3,026 -  3,748 4,266 3,231 3,550 2,689
/K10 3,883 4,824 2,628 2,189 1,865 3,788 -  3,454 3,425 -  - -  3,703 3,950 3,137
/ K l l  -  -  3,089 2,819 2,379 4,186 -  3,912 3,890 -  - 4,280 3,557
K 1 2  -  -  3,565 3,404 2,904 -  -  -  -  -  - -  -  -  4,013
K 1 3  -  -  4,064 3,962 3,422 -  -  -  -  1,029 -
K 1 4  -  3,946 -  1,258 -  -  -
fl-016   1,652........ .................
K 1 8    2,038........ .................
/7-C20   2,401..........................
K 2 2    2,782 - -  -  -  -
* Measurements made at 448 K
(2.5.1.5) Carrier Gas
When p a rtitio n  co effic ien ts  (both absolute and re la tiv e ) were measured 
using the FID, n itrogen was used as the c a rr ie r  gas. No corrections were 
made for imperfect gas behaviour (see Section 1.4) and the flow ra te  was 
optimized (for a 3-4 mm i.d. packed column) a t between 20 and 60 
cm3 /minute.
(2.5.1.6) Data Collection
Chromatograms were observed with a ‘Goerz Servoscribe* (model RE-511) 
chart recorder, and some measurements were made using a ‘Spectra-Physics’ 
(model 23000-011) m inigrator. For those measurements made without the 
m inigrator (including those re ten tion  times too long to  be measured 
accurately), the re ten tio n  times were calculated d irec tly  from the chart 
recorder output.
(2.5.1.7) Sample Size and Injection
For thermodynamic p roperties such as p a rtitio n  co effic ien ts  i t  is  
desirab le to  make measurements near in f in ite  d ilu tion  (see Section 1.4) and
hence sample size is  c r i t ic a l  (and should be kept to  a minimum). As a
general ru le  the m ajority of measurements involved a sing le  in jec tion  of
0 . 0 2  p i of the neat liquid so lu te  (and only in exceptional cases, where the 
so lu te  was very strongly  re ta ined  on the column, more than 0 . 1 0  pi).
Samples were injected with a ‘Hamilton’ m icro litre  syringe and vo la tilized  
by heating the in jec to r to  a tem perature close to  the boiling point of the
so lu te  (to ensure tha t the so lu te  passes onto the head of the column
packing as a vapour). An n-alkane standard (having a re ten tio n  time close
to th a t of the te s t  so lu te) was injected a f te r  every th ird  te s t  so lu te , 
providing a means of calcu lating  the re la tiv e  re ten tio n  time.
(2.5.1.8) Stationary Phase Coating Procedure
For accurate measurement of absolute p a rtitio n  co effic ien ts  (K°) the
s ta tio n ary  phase loading (0 ) must a lso  be accurately  known. This is  because 
the p a rtitio n  coeffic ien t is  re la ted  to  the loading (see Section 1.4) and 
requ ires a knowledge of the volume of the s ta tio n ary  liquid  phase a t the
-  81 -
column operating temperature. A method using accurate weighing procedures 
was used to  calcu late  the s ta tio n ary  phase loading in th is  work.
A quantity  of s ta tio n ary  phase is  weighed accurately  in to  an 
Erlenmeyer flask  and dissolved up in a su itab le  solvent (chloroform was 
used for a l l  of the phases). The so lu tion  is  tran sfe rred  to  a pear-shaped 
‘Buchi’ flask  containing a known weight of ‘in e r t ' support m aterial. I t  is  
important for accurate measurements th a t the tra n s fe r  of s ta tio n ary  phase 
in to  the flask  containing the support is  quan tita tive , so severa l washings 
of the erlenmeyer flask  with fresh  solvent are necessary. The s lu rry  thus 
produced was mixed without vacuum using a ro ta ry  evaporator (30 minutes), 
a f te r  which time the vacuum was gently applied and the solvent slowly 
stripped  o ff ( 1 - 2  hours) to  ensure a uniform coating of the s ta tio n ary  
phase. I f  necessary, heat was applied to  the s lu rry  by placing the flask  
in to  (or over) the liquid  therm ostat. This is  normally required for le ss  
v o la tile  solvents, and also towards the end of solvent stripp ing  when 
almost a l l  of the solvent has been removed (determined by repeated 
weighings of the flask  to  constant weight).
The whole procedure was performed as a bulk preparation to  produce 
several times more m aterial than was required for column packing, to  cut 
down the inherent e rro rs  in weighing procedures. Additionally when sealing  
ground g lass jo in ts  PTFE tape was used, so th a t e rro rs  incurred from
weighed grease did not arise. The coated support was sieved to  ensure a 
uniform mesh size (care being taken to  minimize the amount of shaking to  
reduce the production of fines) and the collected packing was then ready 
for f il lin g  the column.
(2.5.1.9) Column Packing Procedure
The g lass columns were cleaned with soap solution, rinsed  with 
d is tille d  water and acetone, and dried ready for packing. The clean, empty
columns were attached by the detec to r (short) end of the column to  a
vacuum pump and by the in jec to r (long) end to  a reservo ir of packing
m aterial and a cylinder of nitrogen (with a p ressure  regulated  to  between 
10 and 20 psi (see Figure 2.13 for the depiction of the column packing 
apparatus). In th is  way the packing is  drawn through the column a t one end, 
while being pushed along the column a t the o ther (forcing the packing down
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towards the detecto r end of the column). The following procedure was 
employed in the packing of the columns (numbers re fe r  to  Figure 2.13).
N 2 1 0  l b / i n 2
c o l u m n  p a c k i n g  
r e s e r v o i r
p l a s t i c  t u b i n g t o  v a c u u m  p u m p
g l a s s  c o l u m n
Figure 2.13 Column Packing Apparatus
1. Weigh clean, dry g lass column while empty.
2. Transfer sieved packing in to  A.
3. Attach column to  vacuum pump end a t 3.
4. Switch vacuum pump on and tu rn  nitrogen pressure up to  -  10 psi 
with 1 and 3 closed and 2 open.
5. Rotate 3 quickly through 180* (from the closed position  b rie fly  
through the open and back to  the closed position), allowing a small 
amount of packing to  en ter the column.
6 . Open 1, helping to  force the packing around the column
7. Close J, and re-open, to  force the packing s t i l l  fu rth er around the 
column while using a brass rod to  aid packing by gently  tapping the 
glass.
8 . Repeat steps 5.-7. u n til the column is  fu ll  and no fu rth e r movement in 
the level of the packing is  detected.
9. In se rt preweighed PTFE plugs to  hold the packing in place and weigh 
the column overnight to  determine the mass of packing. This allows the 
liquid phase molecules to  s e t t le  to  a sta tionary  position  (and also  
removes any residual traces  of solvent used to  coat the s ta tio n ary  
phase onto the support). The columns were reweighed a f te r  conditioning 
to  monitor any loss in weight.
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Table 2.2 Physical Characteristics of the Stationary Phases
Phase Source RMM P298 bp(K) mp(K)
(g/cm 3 >
A Ref 203 308.42 1 . 0 2 2 b 493 .2 ,0 .0 5  mmHg
B - 312.45 1. 109b 463 .2 -493 .2 ,0 .01  mmHg -
C Ref 203 308. 42 1. 078b 463. 2, 0. 5 mmHg
D - - 312.45 1 . 060b 4 5 8 .2 ,0 .2  mmHg
E - 376.45 s o l id 458. 2
F Ref 169 416.37 1. 332b -
G - 420.39 1. 445b 403 .2 ,0 . 025 mmHg
H Ref 169 416.37 1. 405b _
I - 420.39 1. 382b 458. 2, 0. 015 mmHg
J Ref 169 330. 41 s o l id (416 .2-418 .2)
K - 298.41 1. 194b -
L Ref 203 388.55 1 . 1 1  l b -
M Ref 203 388.55 1. 144b -
N a 150.21 0, 978c 521. 2,760 mmHgd
0 a 122.17 1 . 0 0 1 c 491. 2-492. 2, 760 mmHgd -
Ref Reference number of source of syn thetic  rou te  (where applicable). 
RMM Relative molecular mass, 
bp Boiling point,
mp Melting point.
a Sample provided by Synthetic Chemicals Ltd., Wolverhampton, West 
Midlands, U.K.
b Density determined using bulb with calib rated  stem,
c Density taken as supplied.
d Taken as given in Aldrich Chemicals Catalogue (1986-1987).
p Density of s ta tio n ary  phase a t 298.2 K.
(2.6) POSSIBLE EXPERIMENTAL ERRORS INCURRED IN THE EXPERIMENTAL 
DETERMINATION OF PARTITION COEFFICIENTS BY THE GLC METHOD
The main general possible sources of e rro r can be summarized as 
follows:
1) Errors in determinaton of re ten tion  time or volume (measurement 
erro rs , influence of sample size, flow ra te , operator error).
In th is  work the use of in terfaced , computing in teg ra to rs , sensitive , 
accurate flow con tro llers, and the small sample size  in jec tions has 
minimized the influence of such errors.
2) In su ffic ien t coating or inhomogenous coating with support in te raction .
The maximum recommended loadings were used in th is  work, and carefu l 
coating procedures followed to  minimize such problems.
3) Fluctuation of instrum ental conditions (oven tem perature, gas 
flow, etc.).
High oven tem perature control was achieved in th is  work with the 
incorporation of liquid therm ostats and cooling un its , and gas flow 
ra te s  were controlled with accurate and sen sitiv e  flow m eters (the 
manufacturers claim th a t a varia tion  of 0 . 6  atm. in the downstream 
pressure would cause a change in flow of le ss  than 0.3% a t constant 
temperature).
4) Calculation of the amount of s ta tio n ary  phase coated onto the support 
m aterial.
In th is  work the loading was calculated accurately  by simple weighing 
procedures.
5) Errors due to  d ifferences in experimental technique.
A small number of liquid phase density  measurements and so lu te  
re ten tion  measurements were made by two undergraduate s tu d en ts  as
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part of th e ir  f in a l year projects. Small e rro rs  may a rise  from 
varia tions in experimental technique from student to  student.
(2.7) THE STATIONARY PHASES STUDIED
Of the s ta tionary  phases studied here (see Scheme 1), a l l  but two -  E 
and I -  were prepared in the course of th is  work (see Sections 2.3.1- 
2.3.18). The remaining commercial phenolic s ta tio n ary  phases (used as 
models) were kindly supplied by Synthetic Chemicals, Ltd. of Wolverhampton, 
West Midlands. The liqu id  so lu tes  in jected  onto the columns were 
commercial m aterials of various p u ritie s  (analytical, Analar, or HPLC-grade) 
purchased in the main from BDH Chemicals, Ltd. of Poole, Dorset, and Aldrich 
Chemicals, Ltd. of Gillingham, Kent.
(2.8) DETERMINATION OF THE DENSITIES OF THE LIQUID STATIONARY PHASES
For most of the s ta tio n ary  phases i t  was necessary to  determine the 
density a t the GLC column tem perature (with the exception of the commercial 
phenols which were well documented). Of these, almost a l l  are qu ite  viscous 
m aterials a t room tem perature (some are extremely viscous) and thus made 
the use of a density b o ttle  or a pycnometer tube impossible. Instead  the 
d en sities  were determined using a g lass  bulb (5 cm3) with a calib rated  stem 
(15 cm) which is  designated the density bulb.
The density bulb was weighed before and a f te r  carefu l addition of 
each s ta tio n ary  phase, and placed in a therm ostat ted bath a t various 
tem peratures. The level of the meniscus of the liquid inside the ca lib ra ted  
stem was carefu lly  noted a t each tem perature. A fter thorough cleaning of 
the density bulb with methanol and dichloromethane, and drying, 
doubly-d istilled , deionized water was carefu lly  added with a dropping 
p ip e tte  and the density bulb replaced in the therm ostatted  bath. At each 
tem perature previously used to  measure the level of the meniscus, the level 
of the water meniscus was adjusted by adding or removing, by p ip e tte , water 
to  the same s ta tionary  phase meniscus level.
The density bulb (suitably  stoppered with a rubber cap) was removed 
from the therm ostatted bath a t each of these tem peratures and the ex ternal 
surface thoroughly cleaned and dried without d isturb ing  i t s  water content. 
The w a te r-filled  density bulb was then weighed (and likewise for each 
tem perature measurement). Using the known density of water a t each 
tem perature (as taken from the Handbook of Chemistry and Physics 55th ed., 
R.C. Weast (Ed.), CRC Press: Cleveland, 1974, p .F ll) i t  was then possible to  
calcu late  the volume of s ta tio n ary  phase a t each tem perature and hence i t s  
density from the known weight in the density bulb. This technique is  
outlined for a rep resen ta tive  sample of the f if te e n  compounds te s ted  (e.g., 
Phase C the a lly l phenol, 2,2 '-bis(3-allyl-4-hydroxyphenyl)isopropylidene).
T (K) p, (gem- 3 )
1.078 
1.064 
1.046 
1.019
A regression  of the four measured phase C den sities  against 
tem perature gave the following re su lts , which allows in terpo la ted  or 
extrapolated phase C d ensities  to  be estimated:
PicPh...c> = M Ol " 9.06*10-*.T
The correla tion  coeffic ien t was g rea te r than 0.999. The accuracy of 
the re su lts  depends on the purity  of the water used (which was as high as 
was available) and on measurement e rro rs  which include the shape of the 
meniscus (those of the s ta tionary  phases were generally much deeper than 
for water, but reduced a t higher tem peratures). To lim it any e rro r 
introduced by the meniscus, the stem of the density bulb was f il le d  to  a 
point well up the tube (allowing for expansion a t higher tem peratures), and 
a bulb as large as possible was used (within the re s tr ic tio n  of lim ited 
q u an titie s  of s ta tionary  phases being available).
25
40
60
90
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Table 2.3 Stationary Phases used in the GLC Experiments
Stationary Density 
Phase (g/cm3)
A 1 . 0 2 2
B 1. 109
C 1. 078
D 1 . 060
E s o lid
F 1. 332
G 1. 445
H 1. 405
I 1.382
J s o lid
K 1. 194
L 1 . I l l
M 1. 144
N 0. 978
0 1 . 0 0 1
Load vL P i/P o
0
(%>
(cm3)
10. 50 0 . 1 0 1 1. 41
14. 65 0 . 016 1 . 64
1 0 . 0 2 - -
1 0 . 1 2 - -
9. 96 - -
13. 00 0. 074 1 . 8 6
1 2 . 0 0 0. 063 1. 65
11. 30 0 . 051 1. 71
10. 56 0. 058 1. 44
1 1 . 0 0 - -
1 1 . 0 0 0.057 1 . 81
1 1 . 1 0 0 . 061 1. 44
15. 00 0 . 186 1. 71
1 0 . 2 0 0. 159 -
11. 49 0. 074 -
Support* Temperature 
(K)
Chrom. 750 298. 2
Chrom. 750 298. 2
Chrom. 750 298. 2
Chrom. 750 298. 2
Chrom. 750 298. 2
Chrom. WHP 298. 2
Chrom. WHP 298. 2
Chrom. 750 298. 2
Chrom. WHP 298. 2
Chrom. WHP 448. 2
Chrom. WHP 298. 2
Chrom. WHP 298. 2
Chrom. WHP 298. 2
Chrom. 750 298. 2
Chrom. DMCS 298.2
* Mesh size  was always 60-80 BS
(2.9) DILUTE SOLUTION FTIR EXPERIMENTAL
Using a Perkin-Elmer (model 1750) Fourier Transform Infrared  
Spectrometer in terfaced  to  a Perkin-Elmer (model 7300) Computer, spec tra  
were obtained for each of the five su b stitu ted  bisphenol compounds selec ted  
to  exemplify the ch a rac te ris tic s  of molecular association. In frared  spec tra  
were obtained for so lu tions of the compounds in f re sh ly -d is tille d  carbon 
te trach lo rid e  (Analar) a t concentrations of approximately 103 m o le /litre  to  
10s m o le /litre  in a liquid c e ll of path length 1mm. A ‘blank' ce ll
Table 2.4 LogL Values for Solutes a t 298 K
So lu te     S t a t i o n a r y  Phase-------------------—
A B C D E F 6 H
2 , 2 , 4 - t r i m e t h y lp en t an e 2,400 3,247 - - - 2 ,359 2,857 1,690
cyclohexane 2,384 3,236 - - - 2 ,315 2,754 2,130
dichlo romethane 2,366 2,967 - - - 2 ,089 2,393 1,890
t r i c h lo rom eth an e 2,696 3,404 - - - 2 ,419 2,775  2,064
te t r ach l o ro me tha ne 2,649 3,397 - - - 2 ,463 2,866 2,160
1 , 2 - d ic h l o r oe th a n e 2,928 3,608 - 0,859 - 2,655 2 ,992 2,604
2-ch lo ro -2 -methy lp ropane  2,046 2,766 - - - 2.025 2,406 -
benzene 2,832 3,533 1,655 0,589 - -  3,063 2,513
to lu en e 3,313 4,040 2,225 1,266 - 3,157 3,597 3,100
n-bu ty lbenzene - - - - - -
chlorobenzene 3,733 4,480 2,750 1,758 1,362 3,522 3,971 3,472
d i e t h y l e t h e r - 2,741 1,707 - - -
t e t r a h y d r o f u r a n - - 3,041 2,320 - -
a n i s o l e - - 2,570 1,959 -
2-propanone 2,507 3,018 2 ,479 1,452 - 2,585 2,825 4,039
2-butanone 2,932 3.540 2,895 1,915 - 3,016 3,294 4,452
2-pentanone - 3,322 2,405 - -
2-heptanone - - - - 2,002 -
4-heptanone - - - - 1,775 -
2-octanone - - - - - -
2-nonanone - - - - - -
2-decanone - - - - - -
methyl formate 1,859 2,273 - - - 1,951 2,141 2,661
e t hy l f o rm at e - - 1,905 0,830 - -
n e t h y l a c e t a t e 2,458 3,057 2,283 1,209 - 2,579 2,770 3,735
e t h y l a c e t a t e - - 2,577 1,830 - - -
/ r p r o p y l a c e t a t e - - 3,242 2,448 - -
e t hy lp r op ano a t e - - 3,115 2,353 1,053 -
methylpen tanoa te - - - - 1,169 -
a c e t o n i t r i l e - - 2,417 - - 2 ,610 2,748 3,655
b e n z o n i t r i l e - - - - - -
^p rop y l am in e 2,537 - - - 1,518 -
So lu te -------S t a t i o n a r y  Phase----------------
A B C D E F 6 H
a n i l i n e - - - - 1,723 - -
4-methylpyr  id in e - - - - - - -
methanol 1.997 2,605 - 0,982 1,951 2,224 3,184
e t hano l 2.342 3,000 2,485 1,548 - 2,338 2,552 3,597
1-propano l 2,877 3,501 2,992 2,042 - 2,792 3,046 4,115
2-propanol 2,571 3,178 2,659 1,617 - 2,525 - -
1-b u ta no l 3,338 4,025 3,591 2,691 1,416 3,294 3,594 4,459
2-bu tano l 2,989 3,657 3,114 - - 2,967 - -
t - b u ta n o l - 3,284 - - - 2,666 2,948 -
1-pen tanol - 4,544 3,708 3,311 1,966 3,753 4,087 4,859
1-hexanol - - 4,301 3,891 2,472 - -
1-h ep t an o l - - - - - - -
1 -octano l - - - - - - -
2 , 2 , 2 ‘ - t r i f l u o r o e t h a n o l 2,157 2,873 - 1,155 - 2,178 2,309 2,238
HFIP 2,458 3,241 - - - 2,644 2,688 2,130
a l l y l  a l coho l - - - - - - 3,874
d imethy lsu lphoxide - - - - 1,182 - -
t r i e t h y l p h o s p h a t e - - - - - - -
So lu te — S t a t i o n a r y  Phase---------
I J* K L M N 0
2 , 2 , 4 - t r i r ae t hy lp en t an e 1,729 - 2,654 3,227 1,929 2,578 1,687
cyclohexane 1,795 - 2,694 3.248 2,147 2,494 1,699
dich lo romethane 1,871 - 2,677 2,972 2,098 2,167 1,549
t r i c h lo rom eth an e 2,107 - 3,029 3,402 2,493 2,562 1,930
te t r ach lo rom eth an e 2,126 - 2,942 3,446 2,422 2,621 1,908
1 ,2 -d ic h lo r o e th a n e 2,499 - 3,258 3,599 2,760 2,832 2,204
2-ch lo ro -2 -methy lp ropane - - 2,455 2,826 1,739 2,136 1,454
benzene 2,545 - 3,156 3,549 2,684 2,771 2,079
to luene 3,161 - 3,654 4,039 3,179 3,269 2,564
/7-butylbenzene - 1,183 - - -
chlorobenzene 3,501 - 4,101 4,441 3,590 3,656 2,966
d i e t h y l e t h e r - - - -  3,118 -
te t r a h y d r o f u r a n - - - - -
a n i s o l e - 1,344 - -  4,247 -
2-propanone 4,232 - 2,997 2,876 2,711 3,580 2,986
2-butanone 4,732 - 3,460 3,364 3,151 - 3,389
2-pentanone - 1,582 - - -
2-heptanone - - - - -
4-heptanone - - - - -
2-octanone - 2,170 - - -
2-nonanone - 2,015 - - -
2-decanone - 2,197 - - -
methyl formate - - 2,241 2,454 1,983 2,379 1,809
e t h y l f o rm a te - - - - -
m e th y l a ce ta t e - - 2,930 3,002 2,672 3,171 2,672
e t h y l a c e t a t e - - - - -
/ r -p ropy lace ta t e - - - - -
e th y lp ro pa no a t e - - - - -
me thylpen tanoa te - - - -
a c e t o n i t r i l e 3,960 - 3,051 - -  3,303 2,721
b e n z o n i t r i l e - 2,102 - - -
/7-propylamine - 2,167 - - -
a n i l i n e - 2,453 - - -
4 -met hy lpy r i d in e - 2,700 4,887 - -
methanol 3,258 - 2,602 2,319 2,279 2,983 2,596
-  9 1  -
Solu te - S t a t i o n a r y  P h a s e -
I J a K L M N 0
ethano l 3,782 - 2,976 2,664 2,624 3,411 3,025
1-propanol 4,286 - 3,439 3,181 3,088 3,816 3,483
2-propanol 3,997 - 3,111 2,876 2,746 - 3,253
1-bu tano l 4,787 1,687 3,957 3,671 3,583 4,214 3,952
2-butanol 4,499 - 3,577 3,358 3,220 - 3,656
t -b u ta n o l 4,101 - 3,210 - 2,795 - 3,346
1-pentanol 5,287 1,912 4,470 4,174 4,084 4,625 4,400
1-hexanol - - - - - - -
1-heptanol - 2,323 - -  . - . -
1 -octanol - 2,512 - - - - -
2 , 2 , 2 1- t r  i f lu o r oe th a n o l 2,075 - 2,639 2,634 2,003 2,464 2,046
HFIP 1,515 - 2,924 2,872 2,154 2,975 2,116
a l l y l  a l coho l - - - - - - -
d ime thy lsu lphox ide - - - - 5,044 -
t r i e t h y l p h o s p h a t e - - - - 5,081 -
HFIP 1,1,1,3,3,3,-hexafluoroisopropanol
• Measurements made a t 448 K
containing ‘Analar* carbon te trach lo rid e  was scanned 1000 times before being 
subtracted  from each sample to  produce the fin a l d ifference spec tra  shown 
in Section 4.
CHAPTER 3: RESULTS AISTO
D I SCUSSI OIST OF GLC D ATA
(3.1) INTERPRETATION OF MULTIPLE LINEAR REGRESSION EQUATIONS AND 
LINEAR SOLVATION ENERGY RELATIONSHIPS
The m ultiple regression  equation used throughout th is  work, given 
below and e a r lie r  in Section 1.12 as equation (1.33), consists  of four major 
terms <.s.jt2 *, t>.p2H, a .a 2 H, and LLogL216') which correspond to  the various 
processes and in te rac tions th a t are possible between solvent and so lu te  in 
the d isso lu tion  of a gaseous solute. In addition there  is  a p o la rizab ility  
correction term id.S2')t which is  only s t r ic t ly  relevant for aromatic or 
polyhalogenated solutes.
SP = c + d.S2  + s .tc2* + b.p2H + a.a2H + l.LogU1 6 ...(1.33)
Here, SP can be LogVG (where VG is  the specific  re ten tion  volume of a 
se r ie s  of so lu tes  on a given GLC sta tio n ary  phase) or LogL (where L is  the 
gas-liqu id  p a rtitio n  coeffic ien t, or Ostwald so lu b ility  co effic ien t) of a 
se r ie s  of so lu tes  on a given liquid phase. The m ultiple regression  of the 
so lu b ility  property (SP) against the so lu te  parameters S2, n2*\ 32H, oc2H, and 
LogL2 1 6  gives r is e  to  an equation with coeffic ien ts  of the so lu te  
parameters (d, s, b, a, and 1) and a constant c. These are  the so -called  
Linear Solvation Energy Relationships (LSERs) from which one may deduce the 
nature and magnitudes of so lu te -so lven t in teractions, and predict values of 
SP for so lu tes  which have not been experimentally measured, but fo r which 
the relevant parameters are known/9"24*44* 61~67,77*93"’09,129, ,32,135, ,42,178_,80> For 
many so lu b ility  processes, not a l l  the terms w ill be required and th is  
re su lts  in a zero, or s ta t is t ic a l ly  insign ifican t, coeffic ien t of the 
parameter. For example, the so lu b ility  of a hydrogen-bond (hb) basic so lu te  
in a polar hb basic solvent should re su lt in an insign ifican t term in £2H 
because hb basic so lu tes  have no hb capab ility  towards hb basic solvents. 
If, a f te r  running the regression  with a l l  the parameters, one of the terms 
is  very small and s ta t is t ic a l ly  in sign ifican t, then the regression  may be 
rerun without th is  term.
The coeffic ien ts  of the regression  equation characterize the solvent 
phase (i.e., th e ir  magnitude is  proportional to  the so lu te -so lv en t type 
in te rac tion  tha t the coeffic ien ts  and th e ir  so lu te  parameters describe). The 
ch arac te ris tic  constants in equation (1.33) (d, s, a, b, and 1) can then be 
used to  iden tify  the liquid p roperties th a t influence the so lu b ility  of
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Table 3.1 Solute Parameters used in  M ultiple Linear Regressions
Solute 7l2*cb> Ct2H<c) 3 2 H<d > Log! * 1 6
n-pentane 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 2 . 162
n-hexane 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 2 . 6 6 8
n-heptane 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 3. 173
n-octane 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 3. 677
n-nonane 0 . 0 0 0 . 0 0 0 , 0 0 0 . 0 0 4. 182
n-decane 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 4. 6 8 6
n~ undecane 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 5. 191
n-dodecane 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 5. 696
n -tr id e c a n e 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 6 . 2 0 0
n -te tra d e ca n e 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 6 . 705
/2-hexadecane 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 7- 714
n-octadecane 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 8 . 722
/i-eicosane 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 9. 731
n-docosane 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 10.740
2, 2, 4 -tr im e th y lp en tan e 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 3. 120
cyclohexane 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 2. 913
dichlorom ethane 0. 50 0.82 0. 13 0.05 2. 019
trich lo ro m eth an e 0. 50 0. 58 0 . 2 0 0 . 0 0 2. 480
te trach lo rom ethane 0.50 0 . 28 0 . 0 0 0 . 0 0 2. 823
1 , 2 -d ich lo ro e th an e 0. 50 0 . 81 0 . 1 0 0. 05 2. 573
2 - c h lo ro - 2 -m ethylpropane 0 . 0 0 0. 39 0 . 0 0 0. 15 2. 217
benzene 1 . 0 0 0.59 0 . 0 0 0. 14 2. 803
to lu en e 1 . 0 0 0. 55 0 . 0 0 0. 14 3. 344
n-butylbenzene 1 . 0 0 0. 53 0 . 0 0 0. 15 4. 6 8 6
chlorobenzene 1 . 0 0 0. 71 0 . 0 0 0. 09 3. 640
d ie th y le th e r 0 . 0 0 0. 27 0 . 0 0 0. 45 2 . 061
t e t rahydrof uran 0 . 0 0 0. 58 0 . 0 0 0. 51 2. 534
1 , 4-dioxan 0 . 0 0 0. 55 0 . 0 0 0. 41 2. 797
m ethylphenylether 1 . 0 0 0. 73 0 . 0 0 0 . 26 3. 926
2 -propanone 0 . 0 0 0. 71 0. 04 0. 50 1. 760
2 -butanone 0 . 0 0 0. 67 0 . 0 0 0. 48 2. 287
2 -pentanone 0 . 0 0 0. 65 0 . 0 0 0. 48 2. 755
2 -heptanone 0 . 0 0 0. 65 0 . 0 0 0. 48 3. 760
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4 -heptanone 0 .
2 -octanone 0 .
2 -nonanone 0 .
2 -decanone 0 .
cyclopentanone 0 .
m ethylform ate 0 .
e th y lfo rm ate  0 .
m e th y lace ta te  0 .
e th y la c e ta te  0 .
j? -p ropy laceta te  0 .
e th y lp ropanoate  0 .
m ethylpentanoate 0 .
n itrom ethane 0 .
n itro e th a n e  0 .
n itro b en zen e  1 .
a c e to n i t r i l e  0 .
b e n z o n itr i le  1 .
e thylam ine 0 .
n-propylam ine 0 .
d ie thy lam ine  0 .
a n i l in e  1 .
N,N '-d im ethy lacetam ide  0.
p y rid in e  1 .
4 -m ethy lpyrid ine  1.
methanol 0 .
e thano l 0 .
1 -p ropanol 0 .
2 -p ropanol 0 .
1 -b u tan o l 0 .
2 -b u tan o l 0 .
1 -p en tan o l 0 .
1 -hexanol 0 .
1 -h ep tan o l 0 .
1 -o c ta n o l 0 .
2 , 2 , 2 - t r i f lu o ro e th a n o l  0 .
HFIP 0.
d im ethylsu lphoxide 0 .
d im ethyl(m ethyl)phosphonate 0 .
0. 65 0 . 0 0 0. 48 3. 820
0. 65 0 . 0 0 0. 48 4. 257
0. 65 0 . 0 0 0. 48 4. 755
0. 65 0 . 0 0 0. 48 5. 260
0. 76 0 . 0 0 0.52 3. 120
0 . 62 0 . 0 0 0. 38 1. 459
0 . 61 0 . 0 0 0. 38 1.901
0 . 60 0 . 0 0 0. 40 1. 960
0. 55 0 . 0 0 0. 45 2. 376
0. 55 0 . 0 0 0.45 2. 878
0. 55 0 . 0 0 0. 45 2 . 881
0. 55 0 . 0 0 0. 45 3. 442
0. 85 0 . 1 2 0. 25 1. 892
0 . 80 0 . 0 0 0. 25 2. 367
1 . 0 1 0 . 0 0 0. 34 4. 460
0. 75 0 . 09 0. 44 1. 560
0. 90 0 . 0 0 0. 42 4. 004
0 . 32 0 . 0 0 0. 70 1. 697
0. 32 0 . 0 0 0. 70 2. 141
0. 25 0 . 0 0 0. 70 2. 395
0. 73 0 . 26 0. 38 3. 993
0 . 8 8 0 . 0 0 0. 73 3. 717
0. 87 0 . 0 0 0. 63 3. 003
0. 84 0 . 0 0 0 . 6 6 3. 593
0. 40 0. 37 0. 43 0. 922
0. 40 0. 33 0. 46 1. 485
0. 40 0. 33 0. 46 2. 097
0. 40 0.32 0. 49 1 . 821
0. 40 0. 33 0. 46 2 . 601
0. 40 0. 32 0. 49 2. 338
0. 40 0. 33 0. 46 3. 106
0. 40 0. 33 0. 46 3. 610
0. 40 0. 33 0. 46 4. 115
0. 40 0. 33 0. 46 4. 619
0. 73 0. 57 0 . 1 0 1. 224
0. 64 0. 77 0. 05 1. 392
1 . 0 0 0 . 0 0 0.78 3. 437
0. 83 0 . 0 0 0.81 3. 977
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
0 0
00
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
00
0 0
0 0
0 0
0 0
0 0
50
50
0 0
0 0
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tr ie th y lp h o sp h a te  0 .00  0.72 0.00 0.78 4. 750c"f:>
tr i-n -b u ty lp h o sp h a te  0 .00  0 .36  0.00 0.29 7. 780Ca:>
(a) Values taken from Refs (20,101,132).
(b) Values taken from Refs (1,44,94,95,100,132).
(c) Values taken from Refs (10,16-19,132).
(d) Values taken from Refs (10,16-19,132).
(e) As measured in Refs (11,12,20,132).
(f) Estimated from corre la tions of LogL2 1 6  with o ther apolar
s ta tionary  phases such as apiezon (ref 132).
(g) Estimated from the triethylphosphate value by adding six  CH2
increments of 0.505 (the increment of log L2J 6 for j?-alkanes
is  equal to  0.505 (ref 132).
HFIP 1,1,1,3,3,3-hexafluoroisopropanol.
vapours. For example, a high value of s  w ill show th a t the dipole/dipole 
in te ractions are important and, in the case of SAW coating selec tion  very 
importantly, a high value of b w ill show th a t the liquid absorbs hydrogen- 
bond bases very strongly  and hence is  a hydrogen-bond acid. The b-constan t 
is  a measure of the so lven t’s  hb acid ity  (and is  proportional, but not equal 
to, the  so lven t’s hb acid ity  a,). In order to  compare magnitudes of d iffe ren t 
coeffic ien ts  in the same regression  i t  must be remembered th a t not a l l  the 
so lu te  parameter sca les have a sim ilar range. Although the param eters 52, 
rc2*» &A and ol2h a l l  range from about zero to  one, the LogLs1 6 parameter 
th eo re tica lly  ranges from -»  to  +». However, in p rac tice  fo r normal so lu tes  
as measured in th is  work, LogL2 1 6  varies from about -2.00 to  
+8.00/,2' 20' 21' r7' 1 3 2 5  I t  is  important to  note th a t although the 1-coeffic ien t 
of Logl^ 1 6 may be sm aller than for the other so lu te  param eters for a 
p a rticu la r solute, the term LogL2 1 6  may s t i l l  be contributing s trong ly  to  
the SP. I t  must also be borne in mind when attem pting to  compare 
coeffic ien ts  of d iffe ren t regressions th a t the tem perature a t which the 
so lu b ility  p roperties were measured may g rea tly  a ffec t these p ro p ertie s
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(e.g., the e ffec t of tem perature on the p o la rity  and hb basic ity  of solvents 
has been investigated  and shown to  be su b s ta n tia l ) / 2 1 - 2 3 ' 1 2 9 ' 1 3 2 1
C3.2) THE STATISTICAL RESULTS FROM MULTIPLE LINEAR REGRESSION ANALYSIS
The regression  re s u lts  in th is  th e sis  are presented in the form shown 
below for Phase A, 2,2 '-bis(4-allyloxyphenyl)isopropylidene:
S t a t i o n a r y
Phase
c d s a b 1 n r ' SD
(A) -0 ,4 4 (0 ,03) 0 ,93 1.22 1.34 0 ,92  31 0,9780 0 ,13
sd 0.15 0.11 0,14 0,14 0,13 0,04
CL 0.99 0,18 0.99 1,00 1,00 1,00
The so lu b ility  property LogK2 9 8  (i.e., the p a rtitio n  coeffic ien t, K, 
measured in s ta tionary  phase 1 a t 298 K) was regressed against the so lu te  
parameters 6 2, n2*, £2H, oc2H, and LogLj, 1 6 and the re su ltin g  co effic ien ts  of 
the m ultiple regression  Cd, s, b, a, and 1) were determined. The constant of 
the equation (c) was -0.441, the number of LogK2 9 8  values used in the 
regression (n) was 31, and the overall co rre la tion  coeffic ien t of the 
regression equation (r) was 0.987. The overall standard deviation of LogK2 9 8  
(SD) was 0.126 un its, and the standard deviation of each coeffic ien t is  also  
given (sd). The confidence level (CL) ind icates the degree of confidence 
with which the co effic ien ts  may be used. The studen ts T te s t  is  used to  
give confidence levels of the regression  to  two decimal places, and those 
coeffic ien ts  with T te s t  values le ss  than 0.95 are not considered 
s ta t is t ic a l ly  sign ifican t (and are enclosed by parenthesis). A confidence 
level of CL = 1.00 s ig n ifie s  a value g re a te r  than 0.999.
The re su ltan t LSER from the m ultiple linear regression  is  therefore:
LogK2 9 8  = -0.44 + (0.03 )S2 + 0.93tc2* + 1.22ct2H + 1.34p2H + 0.92LogL216
.(1.34)
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and shows th a t with the exception of S2, the coeffic ien ts  of a l l  the so lu te  
parameters are sign ifican t a t a confidence level of a t leas t 95%.
For re su lts  to  make sense chemically, the possible in te rac tio n s  of 
so lu te  and solvent must be analyzed and compared with the re s u lts  a ris ing  
from the regression  analysis. By convention, the signs of the co effic ien ts  
for exoergic processes (i.e., n?*, a2H, and £2H) should be positive  if  
s ign ifican t; and those of endoergic processes must be negative. LogLa1 6 
coeffic ien ts  may be e ith e r  positive  or negative depending upon the balance 
of energy required to  form the cavity in the solvent, and the energy 
released from the d ispersion in te rac tion  of the so lu te  and solvent (see 
Section 1.12).
The number of points required to  perform a sa tis fa c to ry  m ultiple 
regression  is  usually five times the number of explanatory variables. For a 
regression  involving a l l  the so lu te  param eters used above, about 25 LogKT 
values should be su itab le  (N.B., for regressions in which terms are shown to  
be not s ta t is t ic a l ly  sign ifican t, the number of LogKT values required is  
reduced accordingly). The so lu te  parameters used in th is  work are  shown in 
Table 3.1; the p2H values for methylphenylether, and aniline  are Zp2H values 
appropriate when the so lu te  is  surrounded by solvent.
(3.3) ANALYSIS OF REGRESSION RESULTS
Two general equations have been developed for the analysis of 
physicochemical and biochemical p roperties of a se r ie s  of so lu te s  with 
respect to  a given phase (or p h ases)/9,12, ,4, , 5 , 2 2 1  In the present work, the 
physicochemical property of in te re s t is  LogKT, where Kr  is  the gas-liq u id  
p a rtitio n  coeffic ien t, K, defined by equation (1.35), measured a t a 
temperature, T:
Concentration of Solute in Solution 
Kr (or L) =   ...(1.35)
Concentration of Solute in the Gas Phase 
As mentioned above (and in Section 1,4), Kr  is  iden tical to  the  Ostwald
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so lu b ility  coeffic ien t L  The two equations se t out in Section 1.12 can then 
be s ta ted  as
Log KT = c + d.S2 + s.n2* + a.a2” + b.p2H + l.Log Ls 16 ...(1.36) 
Log Kt  = c + d.S2 +'s.^ *+ a.oc2H + b.03H + v.V2 ...(1.37)
As has already been shown/14* 105*1321 equation (1.36) always yields 
b e tte r  re s u lts  than does equation (1.37), and th is  discussion is  re s tr ic te d  
to  the former. To re ite ra te , the so lu tes  are characterized by various 
parameters (explanatory variables) as follows: S2 a so lu te  p o la rizab ility
correction fac to r taken as zero except for polyhalogenated a lipha tic  so lu tes  
(0.50) and for aromatic so lu tes  (1 .00)/20,101*1321 n2* the so lu te  d ipolarity , 
a3H the so lu te  hydrogen-bond acidity , f32H the so lu te  hydrogen-bond basic ity , 
L16 the Ostwald so lu b ility  coeffic ien t of the so lu te  on n-hexadecane a t 
298K, and V2 the so lu te  volume. n2* is  taken as outlined 
elsewhere,41 *20*44*94*9S* 10°*1321 a2H and fi2H as described by Abraham and
co-workers410*16-19*1321 and LogL2i6 as before411*12*20*1321 (see Table 3.1 and 
Section 1.13).
The constants c, d, s, a, b, and 1 in equation (1.36) are found by the 
method of m ultiple linear regression  analysis, and serve to  characterize  the 
s ta tio n ary  phases used in the present work. Thus, specifica lly , the
coeffic ien ts  s, a, and b w ill be re la ted  to  s ta tio n ary  phase d ipo larity ,
hydrogen-bond basicity, and hydrogen-bond acidity, respectively . Of
p articu la r in te re s t in the context of th is  research are  phases th a t can 
discrim inate between so lu te  hydrogen-bond bases, and so the b-constant (or 
p2H-co e ffic ien t) as a measure of the phase hydrogen-bond ac id ity  w ill be 
important.
(3.3.1) 2,2 '-B is(4-a llyloxyphenyl)isopropylidene, Phase A
The following regression  was obtained using equation (1.36) for LogK 
re su lts  a t 298 K on Phase A:
LogK298 = -0.44 (-0.03)52 + 0.93tt2* + 1.22a2H + 1.34p2H + 0.92 LogL216
.(1.38)
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The regression re s u lts  indicate th a t the molecule (an allylphenyl
e ther) is  neither a strong  hydrogen-bond (hb) donor (acid) nor a strong hb
acceptor (base). This is  demonstrated by the s im ila rity  in the magnitudes of 
the coeffic ien ts  of both a2H (a = 1.22) and 82H ib = 1.34). Phase A proves to  
be a small dipole in te rac to r is  = 0.93) and a moderately strong dispersion 
in te rac to r (1 = 0.92). As the I-constant is  defined as unity  for n- 
hexadecane (a long, sa tu ra ted  a lipha tic  chain) a t 298 K, i t  can be said tha t 
the compound displays dispersion-type in te rac tions to  a sim ilar extent to  
n-hexadecane a t th is  tem perature (these forces occur mainly a t the aromatic 
and a lly lic  carbon atoms of Phase A).
(3.3.2) 2,2'~Bis(4-n-propyloxyphenyl> isopropylidene, Phase B
The following regression  was obtained using equation (1.36) for LogK
re su lts  a t 298 K on Phase B:
LogK298 = 0.24 (-0.01)52 + 0.79ti2* + 1.44cc2H + 0.92£2H + O ^L o g i^1 6
...(1.39)
The regression re su lts  indicate th a t the molecule (an n-propylphenyl 
e ther) is  neither strongly  se lec tiv e  towards hb acidic so lu te s  nor hb basic 
so lu tes  -  w hilst displaying a s lig h tly  g rea te r a ff in ity  for hb acids. The 
coeffic ien ts  for a2H and £2H are respectively  (a = 1.44, b = 0.92). Phase B 
also displays l i t t l e  in te rac tion  with polar so lu tes  -  demonstrated by the 
small coeffic ien t of n2* is  = 0.93), and th is  is  consisten t with the non­
polar character of the molecule. Phase B is, however, a re la tiv e ly  strong
dispersion in te rac to r with a large coeffic ien t of LogL216 (1 = 0.98). These 
dispersion-type in te rac tions occur a t the sa tu ra ted  n-propyl chains, the 
benzene rings, and a t the isopropylidene linkage.
(3.3.3) 2 ,2 '-B is(3-a llyl-4-hydroxyphenyl)isopropylidene, Phase C
The following regression was obtained using equation (1.36) for LogK
re s u lts  a t 298 K on Phase C:
LogK298 = -1.86 -  0.73S2 + 2.00tt2* + 2.79cc2H + 2.41p2H + 0.95LogL2* 6
...(1.40)
The regression  re s u lts  indicate th a t, as expected, the molecule has 
m oderately-sized co effic ien ts  of a2H and 82H (a = 2.79 and b -  2.41) 
demonstrating th a t the a lly l groups adjacent to  the phenol help to  activa te  
th is  hb acid s ite . This in turn  weakens the 0-H bond and increases i t s  
in teraction  with hb basic so lu tes. Unfortunately, the e lec tro n -rich  a lly l 
groups have also been shown by in frared  measurements made a t various 
concentrations (see Section 4.1 -  4.6) to  in te rac t with the adjacent
hydroxyl group in an intram olecular hydrogen bond. This helps to  n u llify  the 
e ffec t of the phenol upon specific  se lec tiv ity . Phase C in te ra c ts  qu ite  
strongly  with polar so lu tes  and has a fa ir ly  large coeffic ien t of ir2* (s =
2.00). There is  also  a re la tiv e ly  large coeffic ien t of LogL216 (1 = 0.95), 
the dispersion-type in te rac tions occur a t the benzene rings and the 
isopropylidene linkage.
(3.3.4) 2 ,2 '-B is(3-n-propyl-4-hydroxyphenyl)isopropylidene, Phase D
The following regression  was obtained using equation (1.36) fo r LogK 
re s u lts  a t 298 K on Phase D:
LogK298 = -3.46 -  0.82S2 + 1 .9 0 t c 2* + 2.99ct2H + 2.82£2H + 1.21LogL21 6... (1.41)
The re su lts  ind icate tha t the molecule is  capable of sorbing hb acidic 
and hb basic so lu tes  almost equally well (demonstrating no tru e  
se lec tiv ity ). The coeffic ien ts  of oc2H and p2H (a = 2.99, b = 2.82
respectively) are m oderately-sized (although la rger than those of the  a lly l 
derivative). This is  thought to  be due to  the lack of competing 
intram olecular in te rac tion  between the side chain and the hydroxyl group, 
which e x is ts  in Phase C (see Section 4.2). The coeffic ien t of n2* is  a lso  
sign ifican t (s = 1.90) indicating th a t Phase D does in te rac t qu ite  strongly  
with dipolar so lu tes. However, the parameter of g re a te s t in te re s t in th is  
case is  LogL216. Phase D displays the la rg est coeffic ien t of LogL216 (1 = 
1.21) of the s ta tionary  phases studied here (and also of those te s te d  to  
d a te ) /9*10,12, ,4* ,6~20,22' ,32> The p ro file  of so lu b ility  p roperties  is  qu ite  
unique -  displaying an almost singular a ff in ity  for d ispersion-type  
in te rac tions (and hence a strong selec tion  based on the size  of the  so lu te ) 
g rea te r than those observed for /r-hexadecane a t 298 K. These considerable
- 1 0 2 -
in te rac tions occur a t the rt-propyl side chains, the benzene rings, and the 
isopropylidene linkage.
(3.3.5) 2 ,2*-Bis[3- (propan-1,2-diol)-4-hydroxyphenyU isopropylidenet Phase E
The following regression  was obtained using equation (1.36) fo r LogK 
re su lts  a t 298 K on Phase E:
LogK298 = -1.73 + 0.71S2 -  1.25tt2* + 0 .7 8 c x 2 h  + 2.6ip2H + 0.81LogU16
...(1.42)
The regression  re s u lts  ind icate th a t Phase E is  a strong hb donor 
molecule. This is  shown by the moderate £2H coeffic ien t (b = 2.61)
accompanied by a re la tiv e ly  small, but s ta t i s t ic a l ly  s ig n ifican t cx2H 
coefficien t (a = 0.78). This suggests th a t Phase E is  capable of se lec tiv e  
absorption of hb bases with a somewhat su rp rising ly  small in te rac tio n  with 
hb acids.
However, the re su lts  are not s ta t i s t ic a l ly  viable because le ss  than 25 
so lu tes  (i.e., five times the number of explanatory variab les) were used in 
the regression. Unfortunately, most so lu tes  were elu ted  from the columns
far too quickly for the re ten tion  time to  be accurately  measured (even when 
using the longest possible column available for the GLC apparatus used in 
th is  work). I t  was consequently very d if f ic u lt  to  find a range of so lu te s  
th a t could be su ffic ien tly  retained, and the regression  was carried  out 
using only 21 so lu te  p a rtitio n  coeffic ien ts. Additionally to  be s ig n ifican t 
the sign for the d ipo larity  term m2* should be positive. As th is  is  not the 
case (s  = -1.25) and the standard deviations for the co effic ien ts  of a2H and 
82h were also high (s.d., = 0.64 and s.d.b = 0.75 respectively  -  see Table 
3.2), the re su lts  become increasingly meaningless.
I t  appears th a t the conclusion to  be drawn from these re s u lts  is  th a t 
although the s tru c tu re  of Phase E, with i t s  m ultiple hydroxyl groups, 
suggests highly hb acidic character (and hence high se le c tiv ity  towards hb 
bases), other more complex in te rac tions appear to  be occurring th a t n u llify
th is  character. I t  is  possible th a t intram olecular hydrogen bonding takes
place between the oxygen and hydrogen atoms of adjacent hydroxyl groups
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within the molecule -  replacing the interm olecular hydrogen bonding which 
would normally take place between the so lu te  and solvent molecules. This 
would appear to  be the case as Phase E is  a g la ss -lik e  n ear-so lid  a t room 
temperature. I f  the  K values were measured with the phase below i t s  
apparent g la ss  transition  temperature, Ts , then absorption would be 
d iff icu lt. This leads to  sorp tion  -  a mixture of so lu te  absorption in the 
s ta tio n ary  phase and adsorption on i t s  surface. So c learly  the re s u lts  
regressed w ill include a contribution from surface adsorption (and hence no 
longer describe one process alone -  see Section 1.3.3). An in frared  study of 
the kind discussed in Sections 4.1 -  4.6 (to determine the nature of the 
hydrogen-bonding present) was not feasib le  in th is  case as the compound 
was in su ffic ien tly  soluble in non-hydrogen-bonding solvents (the presence 
of which would n u llify  the re su lts) .
(3.3.6) 2 ,2 ,-B is(4-allyloxyphenyl)hexafluoroisopropylidenet Phase F
The following regression  was obtained using equation (1.36) for LogK 
re su lts  a t 298 K on Phase F:
LogK29S = -0.23 (-0.03)52 + 0.73*2* + 0.90a2H + 1.53p2H + O.QSLogU1 6
...(1.43)
The regression  re s u lts  indicate th a t the presence of the two 
■g-em-trifluoromethyl groups in the molecule has influenced i t s  so lu b ility  
properties (cf. the methylated analogue Phase A). The molecule exh ib its  a 
s lig h tly  g rea te r se le c tiv ity  towards hb basic so lu tes  (probably occurring a t 
the e lec tron -rich  e ther linkage) over hb acidic so lu tes  as shown by the 
respective coeffic ien ts  of cc2H and p2H (a = 0.90, b -  1.53). I t  may be noted 
th a t there  is  a g rea te r d ifference in the magnitudes of these two constan ts 
than those indicated for the methylated analogue. There is  only a modest 
in te rac tion  with dipolar (with respect to  n-alkanes) so lu tes  as indicated  by 
the moderate coeffic ien t of *2* (s  = 0.73), Phase F is  also a m oderately- 
strong dispersion-type in te rac to r with a LogL;,16 coeffic ien t of (1 = 0.85); 
these in te rac tions taking place predominantly a t the aromatic carbon atoms 
and the gem -trifluorom ethyl groups.
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(3.3.7) 2 ,2 '-B is (4-n~propyloxyphenyl)hexafluoroisopropylidene, Phase G
The following regression  was obtained using equation (1.36) for LogK 
re s u lts  a t 298 K on Phase G:
LogK29e = -0.09 (-0.04)62 + 0.72x2* + 1.08a2H + 1.33£2H + 0.94LogL21 *
...(1.44)
The regression  re s u lts  indicate th a t, in common with Phase F , th is  
molecule shows a s lig h t preference for hb bases as a re su lt  of the
incorporation of the fluorinated  bridging link. This is  i l lu s tra te d  by the
coeffic ien ts  of a2H and 32H (a = 1.08, b = 1.33). L ittle  in te rac tio n  is
indicated with polar so lu tes  -  the coeffic ien t of 7t2* is  s  = 0.72. A la rg e r
coeffic ien t of LogLj,16 (1 = 0.94) is  exhibited by Phase G than the 
unsaturated  analogue (Phase F) -  indicating strong d ispersion-type  
in te rac tions (occurring a t the a lipha tic  carbon atoms in the side chains, 
the aromatic carbon atoms, and a t the grem-trifluoromethyl groups).
(3.3.8) 2 ,2 '-B Is(3-allyl-4-hydroxyphenyl)hexafluoroisopropylidene, Phase H
The following regression  was obtained using equation (1.36) for LogK 
re su lts  a t 298 K on Phase H:
LogK298 = -0.75 (-0.50)S2 + 1 .2 5 t c 2* + 1.17a2H + 4.43p2H + 0.90LogL216
...(1.45)
The regression re s u lts  indicate th a t the molecule in te ra c ts  very 
strongly  with hb bases (coefficien t of p2H, b = 4.43). Coupled with the much 
smaller, but s ta t is t ic a l ly  s ig n ifican t in te rac tio n  with hb acids (coeffic ien t 
of c x 2 h i  a = 1.17); and the purely moderate co effic ien ts  of n2* (s  = 1.25) and 
LogL216 (1 = 0.90) Phase H is  highly se lec tiv e  towards hb bases. In fac t 
th is  molecule is  almost as a strong an hb acid as both P4VHFCA and FP0L 
(see Table B, Appendix 1.2), which are current SAW coatings exemplifying 
th is  so lu b ility  in teraction . The g rea tly  increased hb acid ity  is  due to  the 
presence of the g-em-trifluoromethyl groups whose high e lec tro n eg a tiv ity  
re s u lts  in a g rea tly  weakened 0-H bond (by withdrawing e lec tron  density
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from th is  bond to  re s t  on the fluorine atoms) which read ily  accepts 
electron  density from hb basic so lu tes  in the form of a hydrogen-bond.
(3.3.9) 2,2 '-B ls(3-n-propyl-4~hydroxyphenyl)hexafluoroisopropylidene, Phase I
The following regression  was obtained using equation (1.35) for LogK 
re su lts  a t 298 K on Phase I:
LogK2 9 8  = -0.96 (-0.65)S2 + 1.53tt2* + 0.78ct2H + 4.98p2H + O ^L o g U 1 6
...(1.46)
The regression  re s u lts  indicate th a t compound Phase I is  the most
highly hb acidic s ta tio n ary  phase prepared in the course of th is  work. The
coeffic ien t of f$2H (b = 4.98) is  very high while the coeffic ien t of cc2H (a =
0.78) is  small (but s ta t i s t ic a l ly  sign ifican t). The coeffic ien t of n2* i s __
moderately high (s  = 1.53) indicating th a t in te rac tio n s  with polar so lu tes  
are qu ite  strong (although by no means as important as the in te rac tio n  
with hb bases). Phase I also  exh ib its  qu ite  a marked coeffic ien t of LogL2*6 
(1 = 0.94) -  these d ispersion-type in te rac tio n s  occurring a t the a lip h a tic  
side chains, the aromatic rings, and the bridging link. Despite these 
moderate in teractions, Phase I remains the most highly se lec tiv e  compound
(towards hb bases) prepared in the course of th is  work.
(3.3.10) B is(3-allyt-4-hydroxyphenyl)sulphone, Phase J
The following regression  was obtained using equation (1.36) fo r LogK 
re s u lts  a t 448 K on Phase J:
LogK448 = -1.70 + (0.30 )S2 + 0.32tt2* + 1.19<x2H + 3.92&2H + 0.42LogL216
...(1.48)
The regression re s u lts  ind icate th a t the presence of the  highly
electronegative sulphone group also  re s u lts  in a weakening of the  0-H bond 
which readily  accepts e lectron  density  from hb bases. The molecule also  
exh ib its  a small, but s ta t i s t ic a l ly  s ig n ifican t, a-constant (a = 1.19) which 
ind icates a small in te rac tion  with hb acid so lu tes  a t the SLlpkone group, I t
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appears th a t the dispersion (2 = 0.42) and dipole (s  = 0.32) in te rac tio n s  
become le ss  important for Phase J, but these constants should not be
compared d irec tly  with those of other phases te s ted  here as the so lu tes
were chromatographed on Phase J a t a higher tem perature (T = 448 K). The 
elevated tem perature was required fo r te s tin g  of the compound as i t  is  a
so lid  a t room tem perature (mp 417-418 K). As the co effic ien ts  of a2H, p2H,
and logL216 usually decrease with increase in tem perature'21 “23' 129' 1321 i t  is  
probable th a t Phase J is  actually  the s trongest hb acid encountered in th is  
work.
(3.3.11) B is (4-allyloxyphenyl)sulphidet Phase K
The following regression  was obtained using equation (1.36) fo r LogK 
re su lts  a t 298 K on Phase K:
LogK29e = -0.15 (-0.01 )S2 + 0.92m2* + 1.48a2H + 1.68p2H + 0.93LogL2*6
...(1.47)
%
The regression re s u lts  indicate th a t the molecule shows a very modest 
preference for hb basic so lu tes  over hb acidic so lu tes  (the in te rac tio n  
occurring a t the e lec tron -rich  e ther linkage). The co effic ien ts  of oc2H (a = 
1.48) and £2H <b = 1.68) are only moderate and of very sim ilar magnitudes. 
There are also only moderate in te rac tio n s  indicated with polar so lu tes  
(coefficien t of n2*, s  = 0.92) and d ispersion-type in te rac to rs  (coeffic ien t 
of LogL216, 1 = 0.93) occurring predominantly a t the aromatic rings.
<3.3.12) 2t2 '-B is(3 -a lly t4 -a lly loxyphenyl)isopropylidenet Phase L
The following regression  was obtained using equation (1.36) for LogK 
re su lts  a t 298 K on Phase L:
LogK298 = 0.47 + (0.05 )52 + 0.80m2* + 0.72a2H + 0.5 932H + 0.91LogL216
...(1.49)
The regression re su lts  indicate th a t the molecule is  ne ith e r a strong 
hb acid, nor a strong hb base. This is  demonstrated by both the small, but
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s t a t i s t  ica lly -s ig n ifican t a-constant (a = 0.72) and b-constant (b = 0.59) 
which are the sm allest observed for any compound in th is  study. This 
compound appears to  be qu ite  the leas t se lec tiv e  towards hb acids and hb 
bases th a t has been te s ted  in the course of th is  work. This may in part be 
re la ted  to  the stereochem istry of the molecule. The active  hb s i te  on the 
molecule (the lone pa ir on the e ther linkage) is  e ffec tiv e ly  hindered by the 
adjacent a lly l group -  possibly preventing in teraction . The compound 
exhib its only weak in te rac tio n s  with polar so lu tes  as shown by the small 
coeffic ien t of n2* (s  = 0.80); but a m oderately-sized 1-constant (1 = 0.91) 
the d ispersion-type in te rac tio n s  occurring mainly a t the a lly l  groups, 
benzene rings and a t the  isopropylidene linkage.
(3.3.13) 2,2'-Bis(3,5-diallylr4-hydroxyphenyl)isopropylidene, Phase M
The following regression  was obtained using equation (1.36) for LogK 
re su lts  a t 298 K on Phase M: ------
LogK298 = -1.03 (-0.09)62 + 1.18tt2* + 1.24cc2H + 2.22p2H + 1.02LogL216
...(1.50)
The regression  re s u lts  indicate th a t th is  compound displays a s lig h t 
preference for hb bases as the h-constant is  s lig h tly  g rea te r in magnitude 
than th a t of the a-constant (b = 2.22, a = 1.24). However, th is  is  not as 
g rea t as the se le c tiv ity  shown for o ther compounds te s ted  in the course of 
th is  work. Coupled with these constants are also  a m oderately-sized 
s-constant (s  = 1.18) and a large 1-constant (1 = 1.02). This e ffec tiv e ly  
negates any se le c tiv ity  th a t may have been conferred -  no sing le  
coeffic ien t predominates. In te resting ly , by comparing th is  phase, the te t r a -  
a lly l analogue with the d i-a lly l analogue (Phase C) i t  appears th a t the 
in te rac tion  with hb acids has been s lig h tly  reduced by the addition of 
fu rth er su b stitu en ts . This may also  be d irec tly  re la ted  to  the s te r ic  
hindrance afforded by these groups, reducing the likelihood of so lu te s  being 
able to  in te rac t with the hb s i te  (i.e., the hydroxyl functionality). This 
aspect is  fu rther examined in the d ilu te -so lu tio n  in frared  s tu d ie s  (Section
4.1).
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(3.3.14) 4-n-Butylphenol, Phase N
The following regression  was obtained using equation (1.36) for LogK 
re su lts  a t 298 K on Phase N:
LogK298 = 0.59 (-0.13)52 + 0.44ti2* + 1.48a2H + 2.11p2H + 0.67LogL216
...(1.51)
A simple phenol such as Phase N would be expected to  be se lec tiv e  
towards hb bases and the regression  re s u lts  confirm th is . The molecule 
exhib its an a-constant th a t is  somewhat sm aller in magnitude than the 
b-constant (a = 1.48, b = 2.11); the in te rac tion  with hb bases occurring a t 
the hydrogen atom of the hydroxyl group (and with hb acids a t the 
e lec tron -rich  oxygen atom). There is  a very small, but 
s ta t is tic a lly -s ig n if ic a n t, s-constant (s  = 0.44) indicating l i t t l e  in te rac tio n  
with dipolar molecules. There is, perhaps surprising ly , a sm aller 1-constant 
(1 = 0.67) than might have been predicted considering the presence of a 
sa tu ra ted  a lipha tic  chain. However, the d ispersion-type in te rac tio n s  th a t do 
occur are present a t the aromatic rings and the n-butyl carbon backbone.
(3.3.15) 3-Ethylphenol, Phase O
The following regression  was obtained using equation (1.36) for LogK 
re s u lts  a t 298 K on Phase 0:
LogK298 = -1.00 (-0.05)S2 + 0.50ti2* + 1.87a2H + 3.98p2H + 0.88LogU16
...(1.52)
The regression  re s u lts  indicate th a t th is  simple phenol is  a lso  
se lec tive  towards hb bases. There is  a large b-constant (b = 3.98) coupled 
with a much smaller, but s ta t is t ic a lly -s ig n if ic a n t a-constant (a = 1.87); a 
small s-constant (s  = 0.50); and a m oderately-sized 1-constant (1 = 0.88). 
Unfortunately, Phases N and 0 are too v o la tile  (see Table 2.2) for rou tine  
use as GLC or SAW phase coatings, but they provide a usefu l measure of the 
hb acid ity  of the simple phenols (against which the new phases may be 
evaluated).
(3.4) SUMMARY OF ANALYSIS OF REGRESSION RESULTS
Thirteen m aterials of those prepared were te sted , and of these phases 
C, D, H, I, and M are phenols th a t are liquid  a t room tem perature and which
are p o ten tia l hydrogen-bond acidic phases fo r use in SAW devices. Two
simple phenols, phases N and 0, were also included for the purposes of 
comparison. The non-acidic compounds (phases A, B, F, G, K, and L) are a l l  of 
ra th e r unusual s tru c tu re  as compared with conventional GLC s ta tio n ary  
phases, and so these were te s ted  along with the phenols. The remaining two
compounds (phases E and J) are so lids a t room tem perature. Phase E was
te s ted  a t 298 K, but a very poor regression  equation was obtained. I t  
appeared however, th a t phase E did not exhibit any remarkably strong acidic 
or basic character, possibly because of in tram o lecu lar. or interm olecular 
hydrogen-bonding in the so lid  i ts e lf ;  th is  compound was not pursued any 
fu rther. Phase J was te s ted  a t 448 K, some 30 K above i t s  melting point, as 
i t  was f e l t  th a t i t  might provide an in te re s tin g  GLC s ta tio n ary  phase. 
Summaries of the regression  equations based on equation (1.36) are shown in 
Table 3.2, the overall corre la tion  coeffic ien ts, r, and standard deviations, 
SD, are not outstanding, but su ffice  for the characterization  of the phases.
The s e le c tiv ity 'o f  a phase, however, is  not ju s t a function of e.g., a 
high b-constant in terms of hydrogen-bond acid ity  and hence s e le c tiv ity  
towards bases. In order to  be se lec tiv e  in th is  way, a high b-constant
should be coupled with low s-  and a-constants. I t  is  therefo re  of in te re s t 
to  analyze the re s u lts  in Table 3.2 in th is  ligh t. I t  is  now possib le to  
se lec t a number of phases tha t have unusual so lu b ility  c h a rac te ris tic s , and 
might be worthy of more de tailed  study.
The non-acidic phases A, B, F, G, K, and L show no p a rtic u la rly
outstanding p roperties a t a ll, and are of l i t t l e  consequence in term s of 
new selec tive  phases. All of them give r is e  to  a s ig n ifican t b.p2H term, 
ra th e r than the zero value expected for non-acidic phases, but th is  may be 
due to the choice of so lu tes  used. Of more in te re s t are the acidic phases 
th a t are liquid a t room temperature, C, D, H, I, and M, and the two liquid  
phenols (phases N and 0) taken as standards. The two compounds derived 
from bisphenol-A i t s e l f  (phases C and D) are qu ite  acidic with b -constan ts
around 2.5-3.8, but they are also highly basic with a -constan ts  of 3.3-2,7
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T a b l e  3 . 2  R e g r e s s i o n  A n a l y s i s  u s i n g  E q u a t i o n  ( 1 . 3 6 )  a t  2 9 8  K
S t a t i o n a r y  c d s a b l n r  SD
Phase
- 0 .4 4 (0 ,03) 0,93 1,22 1.34 0,92 31 0,9780 0,13
A sd 0.15 0.11 0,14 0,14 0,13 0,04
CL 0,99 0,18 0,99 1,00 1,00 1,00
0 .24 ( -0 ,0 1 ) 0,79 1,44 0 ,92 0 ,98 32 0,9861 0.11
B sd 0,12 0 ,10 0,13 0,12 0,14 0,04
CL 0.94 0 ,06 0,99 1.00 1,00 1,00
- 1 ,8 6 - 0 ,7 3 1,99 2,79 2,41 0,95 32 0,9779 0.18
C sd - 0,14 0 ,22 0,25 0,30 0,04
CL - - - - - -
-3 ,4 6 -0 ,8 2 1,90 2,99 2,82 1.21 31 0,9873 0,16
D sd - 0,14 0,22 0,21 0,26 0,04
CL - ■ - - - - -
-1 .7 3 0.71 - 1 .2 5 0,78 2,61 0,81 21 0,8960 0,39
E sd - 0,33 0,64 0,75 0,87 0,13
CL - - - - - -
- 0 ,2 3 i <=> o CO 0,73 0,90 1,53 0,85 29 0,9867 0,11
F sd 0,13 0,11 0,14 0,15 0,13 0 ,03
CL 0,89 0,21 0,99 0,99 1,00 1,00
-0 ,0 9 ( -0 ,0 4 ) 0,72 1,08 1,33 0,94 30 0,9844 0,11
G sd 0,13 0,10 0,13 0,12 0,14 0,04
CL 0.52 0,26 0,99 1,00 1,00 1,00
1 O —
1 tn -0,50 1,25 1.17 4,43 0,90 29 0,9805 0,19
0,24 0,16 0,21 0,22 0,24 0,06 #
0,99 0,99 0,99 0,99 1,00 1,00
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-0 .9 6 -0 ,6 5 1.53 0,78 4,98 0,94 30 0,9865 0,20
I sd 0,25 0,16 0,21 0,23 0,21 0,06
CL 0,99 0,99 1,00 0,99 1,00 1,00
-0 .1 5 ( -0 ,0 1 ) 0 ,92 1,48 1,68 0,93 30 0,9823 0,12
K sd 0,14 0,12 0,15 0,13 0 ,16 0,04
CL 0,70 0,08 0,99 1,00 1,00 1,00
0,47 (0 ,05) 0 ,80 0,72 0 ,59 0,91 31 0,9905 0,09
L sd 0.11 0,08 0,12 0,10 0,10 0,03
CL . 0,99 0,48 1,00 1,00 0,99 1,00
-1 ,0 3 ( -0 , 0 9 ) 1,18 1.24 2,22 1,02 30 0,9837 0,15
H sd 0,19 0,12 0,18 0,17 0,16 0,05
CL 0,99 0,52 1,00 1,0.0 1,00 1,00
0,59 ( -0 , 1 3 ) 0,44 1,48 2,11 0,67 38 0,9428 0,31
N sd 0,22 0,19 0,26 0,32 0,29 0,06
CL 0,99 0,49 0,90 0,99 1,00 1,00
-1 ,00 ( -0 ,0 5) 0,50 1,87 3,98 0,88 32 0,9847 0,16
0 sd 0.19 0,13 0 ,18 0,18 0,18 0,05
CL 0,99 0,30 0,99 1,00 1,00 1,00
- 1 ,7 0  (0 ,30) 0,32 1,19 3 ,92 0,42 25 0,9435 0.24
J f sd 0,18 0,37 0,40 0,47 0,04
CL -  - - - - -
n number of data points
r  overall correla tion  coeffic ien t
SD overall standard deviation
sd standard deviation in the constant
CL confidence level <1.00 s ig n ifie s  >0.99, and values in parentheses have
CL lower than the 95% level of the te s t)  
f measured a t 448 K.
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respectively. Hence, although they w ill readily  absorb hydrogen-bond bases, 
they w ill also easily  absorb hydrogen-bond acids. Although we did not 
regard phase basicity , as measured by the a-constant, as very important in 
the present context, i t  tu rn s  out th a t phases C and D are as basic as 
tricresylphosphate -  qu ite  a strong hydrogen-bond base. However, overall, 
except for th e ir  in v o la tility , phases C and D have no p a rtic u la r  advantages 
over the simple phenols, N and 0. The same holds tru e  for phases M, 
although th is  is  ra th e r le ss  acidic and le ss  basic than e ith e r phase C or D.
The most fascinating  phases are H and I derived from bisphenol-AF6. 
Incorporation of the ^e/zr-trifluoromethyl groups considerably lowers the 
overall basic ity  (compare phases H and I with C and D). These are 
ex traord inarily  strong hydrogen-bond acids, w hilst being ra th e r weak bases, 
and exhibit only small dipolar e ffec ts . They are therefo re  highly se lec tiv e  
towards hydrogen-bond bases. In the fu ture, phase I would seem to  be a 
usefu l addition to  the complement of GLC sta tio n ary  phases as well as a 
p o ten tia l coating for SAW devices. Phase H with the a lly l groups s t i l l  
in tac t, is  of additional in te re s t in th is  area as regards cross-link ing  in to  
polymeric films th a t would hopefully re ta in  the acidic p ro p ertie s  in a 
highly invo la tile  coating.
Finally, one considers the sulphone, phase J, derived from Bisphenol-S. 
Although a solid a t room tem perature, and hence not su itab le  for use as a 
SAW coating, i t  was fe l t  th a t i t  might be u sefu l as a s ta tio n ary  phase 
above i t s  melting point of 417 K. The prelim inary regression  in Table 3.2 
does suggest th a t phase J might be a usefu l acidic s ta tio n ary  phase. In 
general, the constants in equation (1.36) decrease su b s ta n tia lly  with 
increasing tem perature,<22~24,132) so th a t a b-constant of 3.5 a t 448 K might 
well be comparable with values of 5.3-6.1 a t 298 K found for phases H and
I. Once again, d ipo larity  in te rac tions seem to  play almost no part in the 
absorption of so lu tes  -  the src2* term in the regression  fo r phase J was so 
in sign ifican t th a t i t  was omitted a ltogether.
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CHAPTER SEECHTROSCOE I C
STUDIES OF" Ell SPHENOLS
— 1 1  4 —
(4.1) Intramolecular Hydrogen-Bonds to n-Electrons
The phenomenon of hydrogen-bonding has been investigated  extensively 
in the l i te r a tu re '345 through the use of in frared  spectroscopy. Consequently, 
much is  known concerning the types of groups most likely  to  p a rtic ip a te  in 
such bonding, and the energies and lengths associated  with them. The 
energies of in te r  molecular hydrogen-bonds have been shown to  be 
approximately 3-10 kcal/mole (12.5-41,8 kJ/mole), although in some cases, 
the energies, as measured by Avcx_H> s h if ts ,C34J have been estim ated to  be 
much le ss  than th is  lower lim it. However, the s itu a tio n  has been somewhat 
confused for low-energy hydrogen-bonds because in the past the e ffe c ts  of 
on Av<;x~h:> s h if ts  of non-specific in te rac tions such as dipole-dipole 
association  have, in general, been completely overlooked. Certainly, as the 
energy of hydrogen-bonds decreases, the importance of these o ther e ffe c ts  
in so lu tions of high d ie lec tr ic  s treng th  increases and may become more 
s ign ifican t than e ffe c ts  due to  hydrogen-bonding.
The s itu a tio n  is  very much simpler for intram olecular hydrogen-bonds 
because they can be studied in d ilu te  so lu tions which have very low 
d ie lec tr ic  strength . In these cases, i t  is  often  found th a t bonds can be 
formed quite  readily  between ra th e r unlikely groups, and th a t the bond 
energies can be qu ite  small. This is  p a rticu la rly  tru e  fo r groups 
su b stitu ted  ortho to  each o ther on an aromatic ring, thus giving r is e  to  
the so-called  (ortho-effect*. In such compounds, the groups are more nearly 
constrained to  the same plane and the probability  of in te rac tio n  is  g rea tly  
increased.
I t  has long been estab lish ed '29,305 th a t 0-H groups can in te ra c t with 
x-cloud systems to  give w ell-defined hydrogen bonds and corresponding 
frequency s h if ts  of up to  100 cm-1 . More usually  the frequency s h if ts  are 
small (15-50 cm'"1) as are the measured bond energies. This has led to  some 
disagreement as to  whether or not such associations can properly be 
regarded as hydrogen-bonds, and Oki e t a l  (1958)'345 p re fe r to  regard  i t  as 
a special kind of in teraction . However, th is  is  based only on an a rb itra ry  
c lass ifica tio n  of hydrogen-bonds, whereby th is  kind of association  is  deemed 
not to  occur below a predetermined energy level, and is  not widely held to  
be the case.
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Tent a t ive suggestions th a t 0-H groups associate  with u-clouds can be 
found in the l i te ra tu re  from about 1950 onwards. Baker and Shulgin (1958 
and 1959)<29*30> studied o-allylphenol, o-propenylphenol and compounds with 
more heav ily -subsitu ted  double bonds. In o-allylphenol the c is  (associated) 
form absorbs 63 cm~l below the value for the trans isomer, but the 
in te rac tion  is  weaker in 2-propenylphenol, in which the 0-H... n- cloud 
separation  is  increased. S ubstitu tion  a t the double bond re su lted  in a 
strengthening of the association. One p a rticu la rly  in te re s tin g  fea tu re  of 
a l l  the work is  the general re su lt  th a t while the Av values increase 
system atically  as the b asic ity  of the double bonds are increased, there  
does not appear to  be any general re la tio n  between Av and AH. Despite th is , 
Bellamy (1968)<3*} s ta ted  th a t the su b s tan tia l increase in the 0-H in ten s ity  
th a t accompanies the association  ju s t i f ie s  the c la ss ific a tio n  of these 
systems as tru e  hydrogen-bonds.
,CH
Figure 4.1 The ortho-effect (shown for o-allylphenol and o-propenylphenol)
(4.2) DILUTE SOLUTION INFRARED STUDIES OF BISPHENOLS
Five of the compounds prepared and te s ted  in the course of th is  work 
were selected  for a study by in frared  spectroscopy of th e ir  behaviour in
solution. The five phases C, D, H, I, and M were carefu lly  se lec ted  to
exemplify the re la tionsh ip  between molecular s tru c tu re  and so lu b ility  
ch arac te ris tic s . Phases C and H are both bisphenols containing an a lly l
group ortho to  the hydroxyl function (allowing the O-H.-.m-system
association  to  occur); Phases D and I contain an n-propyl group ortho  to  
the hydroxyl function (in which no such such association  is  possible); and
Phase M contains two a lly l groups ortho to  each hydroxyl function (in which 
s te r ic  hindrance plays a major part).
(4.3) COMPARISON OF INFRARED STUDIES WITH GLC MEASUREMENTS
The aim of the in frared  study was to  attem pt to  reconcile so lu b ility  
p roperties of a number of the s ta tionary  phases as measured by the GLC 
method with the apparent in tra -  and interm olecular associations observed by 
FT-IR. The phases studied  in th is  fashion (C, D, H, I, and M) display good 
agreement between the two techniques employed.
(4.4) DISCUSSION OF INFRARED RESULTS
To fa c i l i ta te  an ordered discussion the compounds w ill be considered 
as th ree d is tin c t types for the reasons outlined in Section 4.2.
(4.4.1) o',o-A llyl-substituted Bisphenols
At a concentration of 1*10-2 m o le /litre  (Figures 4.2. and 4,3;) the a lly l 
bisphenols d iffe r  s lig h tly  in th e ir  spectra . Phase C, the Bisphenol-A 
derivative, displays only two bands over the range 3200-3800 cm-1: a sharp 
band due to  ‘free ’ (unassociated) 0-H and a broader band assigned to  
intramolecularly-bonded 0-H. The Bisphenol-AF6 derivative, Phase H, however 
displays th ree d is tin c t bands in i t s  FT-IR spectra  over the same range. 
These bands are due to  ‘fre e ’ (unassociated) 0-H s tre tch , and to  both in tra -  
and interm olecular ly-bonded O-H groups (of the type discussed in Section
3.5.1), for a l l  th ree  species occur a t th is  concentration.
The very broad band, due to  interm olecular association  (which is  
readily  apparent in the spectra  of Phase H) decreases markedly as the 
concentration is  reduced tenfold (1*10~3 m o le /litre) and disappears en tire ly  
a t a concentration of 1x10“ * m ole /litre . This is  as expected for a
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reduction in concentration reduces the opportunity of interm olecular 
association  to  occur.
The sharp band in each curve is  due to  the free  hydroxyl s tre tch in g  
band; i t s  frequency is  almost iden tica l to  th a t of the compound
4,4'-isopropylidenediphenol (Bisphenol-A), but is  ra ised  by -  1 cm"1 due to  
the e ffec t of the a lly l group (which su b s titu ted  on the aromatic ring  is
s lig h tly  electron-donating and consequently increases the phenolic hydroxyl
s tre tch in g  frequency).
The le sse r of the two broad bands, centred a t 3530-3550 cm"1 is  due 
to intram olecular association  in which the 0-H group is  bonding to  the 
Tt-system of the ethylenic double bond. In examining the curves (Figures 4.2 
and 4.3), i t  is  apparent th a t the in ten s ity  of the band due to
intram olecular association  occurs a t the expense of the in ten s ity  of the 
non-bonded (‘free ’) 0-H.
(4.4.1.1) 2,2l-Bis(3-allyl-4-hydroxyphenyl)isopropylidene, Phase C
For the 3 -a lly  1-4-hydroxy-substitu ted  bisphenol Phase C, the in frared  
study (Figure 4.2 ) reveals a moderate degree of intram olecular
hydrogen-bonding a t the expense of possible interm olecular associations. 
This is  re flec ted  in the magnitude of the er and b-constants yielded by the 
MLR equations discussed e a r lie r  (Section 3.1). Consequently, the a-constant 
(a measure of the Hydrogen-bond b asic ity  of the molecule) and the 
b-constant (a measure of the hydrogen-bond acid ity) are only moderately-
sized (a = 2.793, h -  2.405). This agrees with the in frared  evidence th a t
the sole hydrogen-bond in te rac tio n  s i t e  is  occupied through th is  
intram olecular in te raction  -  allowing l i t t l e  interm olecular association.
(4.4.1.2) 2,2'-Bis(3-allyl-4-hydroxyphenyl)hexafluoroisopropylidene, Phase H
For Phase H, the d ifference between the magnitudes of the  a- and 
b-constants is  much g rea te r (a = 1.173, b = 4.429). There is  however, 
another fac to r influencing the hb acid ity  of th is  compound -  namely the 
inclusion of h ighly-electronegative gem -trifluorom ethyl groups in to  the 
bridging unit. These atoms make i t  possible for the molecule to form strong  
interm olecular hydrogen bonds despite  the presence of an ex isting
4W9 3900 3000 3700 3(00 3600 3400 3300 0 H  3200
Figure 4.2 Dilute Solution FT-IR Spectra of (J).
10-7 m ole/litre
10-3 m ole/litre
3300 0 \- t  3200
Figure 4.3 Dilute Solution FT-IR Spectra o f (4).
intram olecular association. Hence, in the in frared  spectra  (Figure 4.3) a t 
the h ighest concentration th ree  d is tin c t bands are v is ib le  indicating th a t 
in addition to  unassociated 0-H there  are also  considerable amounts of 0-H 
groups th a t are intram olecular ly associated  with the n-system  and 
interm olecular ly associated  with the highly electronegative  gem- 
trifluorom ethyl groups of adjacent molecules.
(4A.2) oto'-n-Propyl-substituted Bisphenols
At the highest concentration (1*10-2 m ole /litre) shown (Figures 4.4 
and 14,5) the n-propyl bisphenols display only two d is tin c t bands in th e ir  
FT-IR spectra  over the range 3200-3800 cm-1 . These bands are due so lely  to  
the ‘free ’ and interm olecular ly-bonded 0-H (as there  is  no opportunity for 
the intram olecular association  of the type discussed in Section 3.5.1 to  
occur in a molecule lacking the m-system).
The very broad band, due to  interm olecular association  and centred a t 
3430 cm-1 decreases markedly in the second curve a t a concentration of 
lx l0 ~ 3 m ole/litre , and disappears en tire ly  in the th ird  a t a concentration 
of lxio~* m ole/litre . The sharp band due to  ‘fre e ’ 0-H is  centred a t 
3600cm” 1.
(4A.2.1) 2,2'-Bis(3-n-propyl-4-hydroxyphenyl)isopropylidene, Phase D
For Phase D the a- and 5-constants are of sim ilar magnitudes (a = 
2.985, b = 2.818). This ind icates a s lig h t a ff in ity  fo r hb acids (possibly in 
the form of an interm olecular association  with another molecule of phase D), 
but there  is  no accompanying intram olecular association  to  inh ib it th is  (due 
to  the absence of a rc-cloud in the system) (FT-IR spectra  Figure 4.4).
(4A.2.2) 2,2,-B is(3-n-propyl-4-hydroxyphenyl>hexafluoroisopropylidene,
Phase I
Phase I displays an extremely large 5-constant (5 = 4.976) while the 
a-constant is  re la tiv e ly  small (a = 0.781). The h igh ly -elec tronegative  
g-eiir-trifluoroinethyl groups coupled with the absence of in h ib iting  
intram olecular association  allow the molecule to  undergo extensive
- 1 2 0
10-2 mole/litre
10-5 mole/litre
3868 am 3S0B 3316 cm  a»e
Figure 4.4 Dilute Solution FT-IR Spectra of iff).
10-2 mole/litre
10-* mole/litre
10-* mole/litre
3366 O H  3366
Figure 4.5 Dilute Solution FT-IR Spectra of (9).
- 1 2 1 -
interm olecular hydrogen-bonding and th is  is  in close agreement with the 
FT-IR study (Figure 4:5).
(4A .3) o ,o ,o 'o '-te tra -a lly l-s iib s titu te d  Bisphenol
In the f in a l case studied here, the te t r a - a l ly l  analogue, phase M, the 
s itu a tio n  d iffe rs  somewhat from the two aforementioned categories. The 
influence of s te r ic  hindrance largely  predominates over o ther considerations 
in the way in which the compound associates. At the highest concentration 
(lxlO-2 m ole /litre) shown (Figure 4.6) the compound displays bands due to  
‘free* 0-H s tre tch , and in tra -  and interm olecular ly-bonded 0-H groups. 
However, the re la tiv e  proportions of th e ir  in te n s itie s  indicate th a t the 
intram olecular association  predominates over the interm olecular even a t the 
lowest concentration studied here (10~4 m ole/litre). The p ro file  of the 
spectrum does not change g rea tly  over the e n tire  concentration range unlike 
the other compounds examined here (although a r t i f a c ts  do a r is e  a t the 
lowest concentration as a re su lt of sub traction  e ffec ts).
Given the s tru c tu re  of the compound th is  is  easily  explained, as the 
probability  of the formation of an intram olecular assoc iation  has been 
doubled by the addition of a fu rth e r a lly l group (a ll o ther fac to rs  being 
held equal). Furthermore, the increased s te r ic  hindrance imparted by th is  
additional group serves to  inh ib it the approach of o ther molecules to  form 
interm olecular associations.
(4.4.3.1) 2 ,2 '-B is(3 ,5-diallyl-4-hydroxyphenyl)Isopropylidene, Phase M
In th is  highly sterica lly -h indered  compound the a-constant is  not only 
small (a = 1.240), but also  much sm aller than the m oderately-sized
b-constant (b = 2.223). This is  consisten t with the in frared  observations -  
there  is  strong evidence of intram olecular hydrogen-bonding from the FT-IR 
spectra  (Figure 4.6), re su ltin g  in a marked reduction in the a f f in i t ie s  for 
hydrogen-bond acids and bases.
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10-2 m o le /litre
10—s m o le /litre
10-4 m o le /litre
37M4M6
Figure 4.6 D ilute Solution FT-IR Spectra of (J4).
(4.5) SUMMARY OF INFRARED MEASUREMENTS
The use of low concentration so lu tion  in frared  s tu d ies  is  a simple but 
apparently e ffec tiv e  method of examining the way in which molecules may 
(se lf) associate  in solution. When coupled with the extreme se n s itiv ity  of a 
Fourier Transform in frared  spectrophotometer, the technique is  very 
re liab le , and highly reproducible. The a b ility  to  accumulate a large number 
of scans re s u lts  in a very favourable ra tio  of sample signal to  noise; th is  
in tu rn  makes i t  possible to  examine ■ extremely d ilu te
so lu tions (- 10-7 m ole/litre).
The agreement yielded by the re s u lts  between two unrelated  techniques 
used during th is  current work (GLC and FT-IR) is  very encouraging although 
i t  must be borne in mind th a t the GLC re s u lts  re fe r  to  the bulk liqu ids 
whereas the FT-IR re s u lts  re fe r  to  very d ilu te  solutions. I t  would be 
expected th a t interm olecular association  would be very much la rg e r in the 
bulk liquid than in d ilu te  so lu tion  and so th is  serves only as an indication  
of the nature of the hydrogen-bonding in the liqu ids ra th e r than a rigorous 
determination. In th is  way so lu b ility  p roperties as measured for a number 
of bulk sta tionary  phases using a wide range of so lu tes, have been 
ra tionalized  by observing the presence (and subsequent disappearance) of 
c h arac te ris tic  group frequencies in th e ir  in frared  spectra.
(4.6) CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK IN THIS AREA
The use of linear solvation energy re la tionsh ips (LSERs) via 
equation (1.33) describing cavity formation and possib le so lv en t-so lu te  
in teractions has led to a remarkably simple model of solvation or sorption.
SP = c + d.S2 + s .ti2* + a.a2H + b.p2H + l.LogL216 ...(1.33)
This model has made i t  possible to  estim ate the various con tribu tions, 
especially  those due to  hydrogen-bonding, to  the solvation or so rp tion  of 
gaseous so lu tes .<65, ,32> The method is  based on the assumption th a t a l l  the 
various in te ractions are independent and can be simply summed to yield  the 
to ta l  solvation or sorption energy. This cannot generally  be e n tire ly  
correct, but with the ra th e r simple so lu tes  used in the course of th is  work
(N.B., a wide range of so lu te  types are considered), i t  appears to  be a valid 
assumption.
I t  is  possible to  se lec t a number of phases te s ted  in the course of 
th is  work tha t have unusual so lu b ility  ch arac te ris tic s , and might be worthy 
of more de tailed  study. Phase D has a p a rticu la rly  large I-constant coupled 
with su b stan tia l s-, a- , and b-constants. Phase H has marked hydrogen-bond 
acid ity  (a large b-constant), coupled to  a low b asic ity  (small a-constant) 
and moderate d ipo larity  (s-constant). Phase I has an ex trao rd inarily  high 
hydrogen-bond acidity , coupled to  a low b asic ity  and moderate d ipo larity . 
Indeed, i t  is  th is  phase th a t most nearly meets the o rig inal requirement 
for a phase th a t would se lec tive ly  absorb so lu te  hydrogen-bond bases. I t  
might be of g reat in te re s t to  te s t  these th ree phases in more d e ta i l  (at a 
range of tem peratures with a g rea te r range of so lu tes) in the fu tu re . Phase 
J might be usefu l as a GLC sta tio n ary  phase above 420 K; a t the moment 
there  are very few GLC phases th a t are strong hydrogen-bond acids.
The GLC method rep resen ts  a convenient ra tio n a le  for the se lec tio n  and 
development of candidate coatings for use in surface acoustic wave (SAW) 
devices and other sim ilar chemical sensors. These devices u ltim ately  have 
usefu l application in the determ ination of chem ical/123 biochem ical/1053 and 
toxicological d a ta /1103 This procedure rep resen ts  a quick, convenient method 
for the determ ination of gas-liqu id  p a rtitio n  co effic ien ts  on in v o la tile  
liquids th a t are candidate coatings fo r SAW sensors. By obtaining 20-30 
such p a rtitio n  coeffic ien ts  for a varie ty  of so lu tes  on a given liquid  
s ta tio n ary  phase a t a given tem perature, use of an em pirical co rre la tio n  
(equation (1.33) which re la te s  a varie ty  of physico-chemical phenomena to  
so lu te  ch arac te ris tic s) leads to  the c h a rac te ris tic  constants d, s, a, b, and 
1 th a t can be used to  iden tify  the so lu b ility  p roperties of the phase. The 
re su lts  gained in th is  manner using the GLC method may be applied to  the 
prediction of the so lu b ility  of gases and vapours in to  the liqu id  phases 
used in chemical sensors as described by Abraham et al. (1988)/153 Grate et 
a l  (1987, 1987)/61,63-663 McGill (1988)<1323 and Hamerton (1987)/773 The
characterization  of these phases by GLC makes i t  possible to  p red ic t the 
actua l sensor response (of a sensor coated with these phases) to  gases and 
vapours.
In th is  way i t  has been shown th a t phases H and I are highly se lec tiv e  
liquid  phases for so lu tes  th a t are hydrogen-bond bases, and are worthy of 
fu rth e r te s tin g  by the GLC method. Phase D also appears to  be a coating 
th a t is  se lec tive  according to  the size  of the so lu te  molecule. Additionally, 
phase J can be used above 440 K as a novel GLC sta tio n ary  phase th a t is  a 
strong hydrogen-bond acid. The logical progression from th is  work following 
fu rth e r GLC te s tin g  a t a range of tem peratures is  to  coat these promising 
candidate phases onto SAW vapour sensors in order to  confirm the re s u lts  
of th is  optim istic  prelim inary evaluation (indeed the re s u lts  o f th is  
research have now prompted fu rth e r work in th is  area by Abraham and co­
workers a t University College London)/233
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The g rea t tragedy of science -  
the slaying of a b eau tifu l hypothesis by an ugly fa c t’
Thomas Henry Huxley ‘B iogenesis and A biogenesis' (1870)
This th esis  is  dedicated to  my parents: unstin ting  in th e ir  love, support and 
encouragement, and to  the memory of Stan Tomkins 
who sadly did not live to  see i t s  completion.
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ABSTRACT
The present work has been conveniently divided in to  two separa te  sections, 
and i t  is  necessary to  explain the need for th is  unusual course of action. As 
outlined in the Acknowledgement section, th is  research work was funded by two 
separate  bodies, the U.S. Navy and the Ministry of Defence. The f i r s t  year’s work 
was in ita lly  intended to  be solely  a sing le year’s research post and the U.S. 
Navy funding provided was only ever intended to  be su ffic ien t fo r th a t time. 
However, a f te r  several months in to  the research programme, the opportunity to 
pursue a Ph.D. was fa c ilita te d  by the attainm ent of a generous S.E.R.C./M.o.D. 
grant. The m aterials synthesized and characterized in the two volumes are 
closely re la ted  and find use in sim ilar fie ld s of application. In p a rtic u la r  the 
a lly l-functionalized  derivative of Bisphenol-A, 2 ,2 '-b is (3 -a lly l-4 -  
hydroxyphenyl)isopropylidene figu res pa rticu la rly  strongly  in both areas of the 
research as both a parent compound for a number of Surface acoustic  wave (SAW) 
vapour sensor coatings, and also  as the parent compound for severa l p o ten tia l 
matrix resin s in the second section  of the research. The two funding bodies are 
quite d isc re te  from one another and during the course of the preparation  of 
th is  th e s is  large portions of manuscript were edited by superv iso rs/consu ltan ts 
from both establishm ents. In the in te re s ts  of d iscretion  i t  was decided a t a 
very early  stage to  divide the th e s is  in to  two, thus enabling each volume to  be 
safely  submitted for discussion without fear of causing any offence to  e ith e r 
funding body.
VOLUME 1
Chapter 1 provides an in troduction to  the scope of gas liquid
chromatography and the applications of p iezoe lec tric ity . A survey of the 
lite ra tu re  concerning surface acoustic wave (SAW) devices is  presented, along 
with the scope of the work.
Chapter 2 outlines the synthesis and pu rifica tion  of a range of eighteen 
derivatives of parent bisphenols by a range of techniques including 
rec ry sta lliza tio n , solvent washing, and d is t i l la t io n  under reduced pressure.
-  i i i  -
Chapter 3 d iscusses the te stin g , using the GLC method, of th ir teen  of the 
prepared m aterials. Of these compounds five were phenols th a t are  liqu id  a t 
room tem perature and which are therefo re  of p o ten tia l use as SAW coatings. Two
simple phenols were also included for the purposes of comparison. Of the
remaining so lid  compounds one was su ffic ien tly  low melting to  allow evaluation 
of i t s  so lu b ility  p roperties using the GLC method. Summaries of the regression  
equations revealed th a t two compounds derived from Bisphenol-AF6 (phases H and 
I) are ex trao rd inarily  strong hydrogen-bond acids, w hilst being ra th e r  weak 
bases and exhibit only small dipolar e ffec ts . They are therefo re  highly 
se lec tive  towards hydrogen-bond bases. Phase I would seem to be a usefu l 
addition to  the complement of GLC sta tio n ary  phases as well as a p o ten tia l 
coating for SAW phases. Phase D also appears to  be a coating th a t is  se lec tiv e  
according to  the size  of the so lu te  molecule. Additionally, the re s u lts  fo r the 
sulphone (phase J) derived from Bisphenol-S, although a so lid  a t room 
tem perature and hence not su itab le  for use as a SAW coating, suggest th a t i t  
might be a usefu l acidic GLC sta tio n ary  phase.
Chapter 4 p resents the re su lts  of a d ilu te  solution FT-IR study of a 
se rie s  of hindered b is-phenols. The o rtho -effec t is  demonstrated to  occur in 
those compounds containing a rc-system adjacent to  a hydroxyl group, and the
regression re su lts  obtained in Chapter 3 are ra tionalized  in the lig h t of th is
FT-IR study.
VOLUME 2
Chapter 1 provides an in troduction to  general princip les of polymer science 
including polymerization processes, the background to  h e a t- re s is ta n t polymer 
development, and the scope of th is  area of the work.
Chapter 2 outlines the synthetic  procedures employed in the preparation  of 
a varie ty  of b is-maleimides, aspartim ides (from two a lte rn a tiv e  p reparative 
routes) and ary l cyanate e s te rs , and the conditions for the an a ly tica l 
operations. The th eo re tica l basis for some of the an aly tica l techniques (DSC,
TGA and DMTA, e tc )  employed in the analysis of both monomers and polymers is  
also discussed in g rea te r depth.
Chapter 3 contains an in troduction to  the general fea tu res  of bis- 
maleimide-type resin s and addition polyimides, and a short review of th e ir  
lite ra tu re . The thermal behaviour of the aspartim ides, as revealed by dynamic 
DSC, is  discussed with p a rticu la r emphasis on the e ffec t of monomer purity , and 
the re la tionsh ip  between reactive  double bond content and polymerization 
enthalpy. The DSC data is  fu rth e r analyzed using a simple nth-o rd er k inetic  
model to  yield second order Arrhenius param eters over a wide range of 
conversion. The thermal s ta b i l i t ie s  of a number of poly (aspartim ides) in 
nitrogen (determined by dynamic TGA) are compared and the influence of the 
resin  matrix s tru c tu re , and dele terious e ffe c ts  of solvent discussed. Dynamic 
mechanical p roperties of the neat poly(aspartim ide) res in s  were evaluated using 
DMTA and the influence of cro ss-link  density, chain f lex ib ility , and chain 
s tru c tu re  on g lass tran s itio n  tem perature is  discussed.
Chapter 4 outlines the h is to ry  of cyanate e s te r  resins, th e ir  general 
featu res, and the relevant l i te ra tu re  concerning these compounds. The thermal 
polymerization of the cyanate e s te r  monomers (evaluated using dynamic DSC) is  
discussed and the data used to  yield f i r s t  order k inetic  param eters over a wide 
range of conversion. The catalyzed polycyclotrim erization reaction  was a lso  
analyzed in the same manner, and the e ffe c ts  of monomer purity , heating ra te , 
and level of ca ta ly sis  on the DSC thermogram p ro file  are discussed. The thermal 
behaviour of a model functionalized cyanate e s te r  was evaluated and the e ffe c ts  
of various additives (e.g., in it ia to r s  and inh ib ito rs) investigated . The therm al 
cure of both a monofunctional cyanate e s te r  and commercial dicyanates was 
monitored using a se r ie s  of analy tica l techniques (DSC, FT-IR, 13C nmr and 15N 
nmr) and good agreement was obtained between a l l  methods. I t  is  believed th a t 
th is  is  the f i r s t  time th a t 15N nmr has been applied to  the monitoring of 
cyanate e s te r  cure. The thermal s ta b i l i t ie s  in nitrogen of a newly-prepared 
functionalized cyanate e s te r  was evaluated using dynamic TGA and compared 
favourably with tha t of two commercial poly (cyanurates). The dynamic mechanical 
p roperties of the newly-prepared functionalized dicyanate e s te r  and a commercial 
m aterial were evaluated using DMTA -  the functionalized monomer required
- V -
repeated cycling to  achieve fu ll  cure and a high T9. Single c ry s ta l X-ray 
d iffrac tio n  techniques were applied in the determ inations of two monomer 
s tru c tu res .
Chapter 5 concerns copolymers, blends and in te rp en etra tin g  network resins.
Two commercial copolymer blends (Matrimid 5292 and BT-resin) were formulated
along with several combinations involving newly-prepared m aterials. The thermal 
s ta b i l i t ie s  of the copolymers and blends in n itrogen were analyzed by dynamic 
TGA, and by DMTA to  obtain th e ir  dynamic mechanical properties. Heteronuclear 
(13C) nmr techniques were employed to  confirm the coreaction via an ‘ene'/D iels- 
Alder mechanism of the components of the commercial resin , Matrimid 5292. The 
technique was also applied to the a lly  1-functionalized cyanate ester/m aleim ide 
reaction, and a reaction  mechanism is  proposed. The proposed cure mechanism of 
the commercial BT-resin was investigated  by 15N nmr and i t  is  suggested th a t
the two resin  components (a b is -maleimide and a dicyanate e s te r)  do not react
chemically, but undergo homopolymerizations to  form an in te rp en etra tin g  network.
© Ian Hamerton 1991
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SUMMARY OF SYMBOLS AND ABBREVIATIONS USED IN VOLUME 2
a C rystallographic unit ce ll parameter,
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bp Boiling point C°C).
(bs) Broad sing le t (in nmr)
3 C rystallographic unit c e ll parameter,
cm Complex m ultip let (in nmr).
*C Degrees Celsius.
c Crystallographic unit c e ll parameter.
cm3 cubic centim etre (ml).
DMA Dynamic mechanical analysis.
DMTA Dynamic mechanical thermal analysis.
DSC D ifferen tia l scanning calorim etry,
d Doublet (in nmr).
d of d Doublet of Doublets e  finely  s p li t  doublet (in 1H nmr).
E' Storage modulus (Pa).
E" Loss modulus (Pa).
FT-IR Fourier Transform infrared  (spectroscopy),
g Gramme.
GLC Gas liquid chromatography.
GPC Gel permeation chromatography.
HDT Heat d is to rtio n  tem perature CC).
HPLC High performance (or pressure) liqu id  chromatography.
In “N atural logarithm of ....”.
(m) Medium (of signal in ten s ity  in FT-IR).
Mo Molybdenum,
mp Melting point CC or K).
nmr Nuclear magnetic resonance spectroscopy (1H, 13C, and 15N nmr in th is
research).
n.O.e. Nuclear Overhauser effec t.
P2,/c Crystallographic space group.
phr Per hundred p a rts  resin  (as a percentage of to ta l  res in  weight),
ppm Parts per million,
q Quartet (in ‘ H nmr).
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(w) Weak (of signal in ten s ity  in FT-IR).
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(1.1) A General Introduction to Polymers
High polymers are substances of very high molecular weight which may 
occur in nature or be chemically synthesized / 1 7 1 5 As early  as the 19th century, 
in d u s tria l research was being carried  out on naturally -occurring  high polymers, 
and the development of therm osetting polymers was heralded by the patenting of 
vulcanization by Hancock and the discovery of Ebonite by Goodyear in 1839. 
However, i t  was not u n til the 1930s th a t the macromolecular na tu re  of the 
m aterials now known as polymers was generally  accepted. This acceptance was 
largely the re su lt of the pioneering work of Staudinger (1920)<221> who received 
the Nobel prize in 1953 for h is e ffo rts . Since then, polymer science has grown 
inexorably and the la s t twenty years or so have seen a flu rry  of a c tiv ity  in 
the synthesis of new polymer systems. The point has now been reached where our 
understanding may now permit polymer synthesis to  produce p a rtic u la r  desired 
p roperties in the resu ltin g  m aterial. By judicious choice of s ta r t in g  m aterials, 
polymers can be made th a t o ffe r varia tions in such properties as g lass 
tran s itio n  temperature, oxidative s ta b ility , toughness, adhesion, and 
permeability.
A polymer, or macromolecule, is  a large molecule b u ilt up by the re p e titio n  
of small, simple chemical u n its / 3 1 , 1 7 1 5  The repeat unit of the polymer is  
generally, in i t s  sim plest form, equivalent or nearly equivalent to  the monomer, 
or s ta r tin g  m aterial from which the m aterial is  formed. The re p e titio n  may be 
linear or the chains may branch, and separate  polymers containing d iffe ren t 
repeating un its  may be joined together along the chains by c ro ss-links to  give 
a cross-linked copolymer. More extensive cross-link ing  may lead to  the formation 
of a three-dim ensional cross-linked or network polymer. If  the f in a l s tages 
involve heating, the resin s are termed thermohardening or therm osetting (as are 
the m aterials studied exclusively in the course of th is  work) whereas i f  th ree - 
dimensional cross-linking occurs in the cold, the resin s are said  to  be cold- 
se ttin g . The establishm ent o f a three-dim ensional, cross-linked s tru c tu re  is  
termed curing, and the polymer is  said to  be cured. Cross-linking considerably 
modifies such properties as ten s ile  streng th , e la s tic i ty  and so lu b ility .
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(1.2) Polymerization Processes
The formation of a high polymer from the monomer or monomers is  termed 
polymerization. The processes of polymerization were divided by Flory<70} and 
Carothersc39> into two main groups known as condensation and addition reaction.
(1.2.1) Condensation Polymerization
Condensation or step-grow th polymerization is  en tire ly  analogous to  
condensation in low molecular weight compounds. In polymer formation the 
condensation takes place between two poly functional molecules to  produce one 
larger poly functional molecule, with the possible elim ination of a sm aller 
molecule such as water. I t  is  b e tte r  re fe rred  to  as step-grow th since some 
reactions of th is  type do not re su lt in the elim ination of small molecules, or 
ionic s a l ts  (e.g., the formation of polyurethane by reaction  of d iisocyanate and 
diol). The reaction  continues u n til  almost a l l  of one of the reagen ts is  
consumed and an j equilibrium  is  estab lished  which can be sh ifted  a t w ill a t high 
tem peratures by controlling  the amounts of the reac tan ts  and products. I t  
na tu ra lly  follows in reactions of th is  type, th a t even i f  only one of the 
monomers is trifu n c tio n a l then the re su ltin g  polymer may be a thermoset 
m aterial. This mode of polymerization does not figu re  in any of the systems 
studied in the course of th is  research and so fu r th e r discussion fa l ls  outside 
the scope of th is  thesis. However, numerous publications deal fu rth e r with th is  
wide topic and the reader is  d irected  to  the following reference works< 3 ’ ' 1 7 1 * fo r 
more information.
(1.2.2) Addition Polymerization
Addition polymerization is  in terms of k inetics a very d iffe ren t reaction. 
Addition polymerizations involve chain reactions and pass through the successive 
s tages of in itia tio n , propagation, and term ination. The propagation and 
term ination processes are generally  fa s t, taking only a frac tio n  of a second,
and the whole reaction  may take an appreciable time for completion, which means
that, unlike a normal s in g le -stag e  chemical reaction, a chain reaction  occurs in 
a se r ie s  of rapid polymerizations, a large number of these occurring
concurrently to give an apparently smooth overall reaction  ra te . Chain reactions 
are sen sitiv e  to  the presence of small amounts of substances which act as
inh ib ito rs or re ta rd e rs  by removing the chain c a rrie rs  completely or p a rtia lly .
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The chain c a rrie r may be an ion or a reactive  substance with one unpaired 
e lectron  called a free  rad ica l (denoted by the symbol *), which is  usually  
formed by the decomposition of a re la tiv e ly  unstable m ateria l called an
in itia to r :
I2 ----- > 21*
where I2  is  the in it ia to r  producing the free  rad icals  I*
(1.2.2.1) Free Radical Polymerization
Free rad ical polymerization probably rep resen ts  the most common and 
important type of addition polymerization. The free  rad ical is  capable of 
reacting  to  open the double bond of a vinyl monomer (.e.g., shown fo r a
su b stitu ted  ethylene) and add to  i t ,  with an e lectron  remaining unpaired (thus 
regenerating the free  rad ical which repeats the process):
CH2 =CRR'
I '+  CH2 =CRR‘ — > I-CH2 -CRR’* -------------> I-CHa-CRR'-CHa-CRR1 * etc.
In a very short time many more monomers add successively to  the growing 
chain which can be propagated by the addition of a large number of monomers.
The growing polymer chains can be term inated in a t le a s t two ways. Two growing
chains may combine, to  ann ih ilate  each o th er’s growth ac tiv ity  and form a sing le  
large chain:
I-tCHa-CRR'V + I-[CH2 ^RR’3n*— I-CCH2 H:RR’]m+n- I
A lternatively, two growing chains may undergo a process of 
disproportionation; th is  involves the tra n s fe r  of a hydrogen atom from one 
growing chain to  the o ther with the formation of an unsaturated end group on 
the chain losing the hydrogen atom:
~CH2 -CRR’* + *R'RC-CH2  > ~CH2 -CHRR’ + RR'C=CH~
where ~ denotes the bulk of the polymer chains.
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Chain tra n s fe r  may also  occur whereby the ac tiv ity  of a growing chain is  
tran sfe rred  to  a second molecule or tra n s fe r  agent. The o rig in a l chain is  
terminated^ but the tra n s fe r  agent becomes a free  rad ical capable of adding 
monomer un its  to  form another chain. A common mechanism of chain tra n s fe r  is  
the removal by a growing chain of a hydrogen or o ther atom from the tra n s fe r  
agent, which may be a molecule of solvent, in itia to r , monomer or polymer. In the 
la t te r  case th is  leads not to  new polymer molecules, but ra th e r to  the formation 
of branches on polymer molecules already formed.
The ra te  and degree of polymerization may both be controlled by the use of 
inh ib ito rs and re ta rd e rs  (i.e., substances which react with free  rad ica ls  to  form 
products incapable of adding monomer). Inh ib ito rs react with rad ica ls  as soon as 
the rad ica ls  are formed, and polymerization cannot occur u n til  a l l  the  inh ib ito r 
has been consumed. In the presence of an inhib itor, polymerization w ill be 
preceded by an induction period, the length of which depends upon the amount of 
inh ib ito r used. Retarders are le ss  reactive  and compete with monomer for free  
radicals, thus reducing both ra te  and degree of polymerization (see Section 
4.2.8 .3). Inh ib ito rs may be free  rad ica ls  which are themselves too weak to
in i t ia te  chain formation, but which can combine with other free  rad ica ls  to  give 
a product which is  not a free  radical. Quinones are very e ffec tiv e  inh ib ito rs
and are believed ” 71 3 to  react with free  rad ica ls  to  produce resonance-stab ilized
rad icals which are unable to  in i t ia te  polymerization. Hydroquinone is  often  added 
to monomers as a s tab ilize r; i t  is  not i t s e l f  an inhib itor, but is  easily
oxidized to  quinone. Oxygen has a marked inhib itory  e ffec t on the 
photosensitized polymerization of vinyl ace ta te  and of acry lic  acid and i t s  
e s te rs  a t room tem perature ; ” 7 1 3  i t  may combine with free  rad ica ls  or active 
centres to  give s tab le  products. Oxygen may, however, in i t ia te  thermal 
polymerization, and may also  lead to chain branching and to  the degradation of 
many polymers.
In a condensation polymerization, the reaction  re su lts  in the formation of 
a polymer molecule capable of fu rth er growth i f  other monomer or polymer 
molecules are present; the reaction  can be regarded as one of propagation. In 
radical-chain  polymerization the reaction  of two growing chains, whether by 
combination or disproportionation, is  a term ination process. During addition 
polymerization chain growth may occur very rapidly leading to  high molecular 
weight species which can coexist with unreacted monomer a t low conversion 
levels. In contrast condensation polymerization produces a slower increase in
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molecular weight and a high average molecular weight is  usually  only obtained 
as the reaction  approaches completion (free rad ica l polymerizations also produce 
species which are of much higher molecular weight than those of condensation 
poly mer iza t  ions).
I t  is  preferable in most cases to choose term inal groups which reac t via 
addition ra th e r than condensation reactions to  avoid the formation of the small, 
void-producing molecules which are eliminated. The systems th a t are being 
studied in the course of th is  research, cyanate e s te rs  and aspartim ides both 
undergo thermally-induced reaction  by addition processes (wherein no molecules 
are eliminated as a re su lt of the reaction). Maleimides have been polymerized by 
both free  rad ical and anionic, but not cationic, means<S5> by v irtu e  of the 
reactive  double bond. The polymerization k inetics of bis-maleimides have been 
studied both in so lu tion C S 5 , 1 2 8 * 1 7 5 5  using both rad ica l and anionic in itia tio n  as 
well as by using bulk thermal m ethods/14-16' 118,25S>
The bulk thermal method of polymerization is  the most important such
method for b is-maleimides, aspartim ides, and dicyanate e s te rs  due to  i t s  
app licab ility  to the formation of thermoset re s in s  from the monomers for 
s tru c tu ra l composite applications. To date l i t t l e  fundamental work has been
carried  out on the thermal polymerization of maleimides and the most common 
method of study involves DSC. This enables the determ ination of tem peratures a t 
which melt, polymerization and other processes occur, and i t  is  also possib le to  
obtain both enthalpic and k inetic  data for such processes. The technique lends 
i t s e l f  very well to  the measurement of an amorphous melt a t re la tiv e ly  high 
tem peratures (during which time the system is  moving quickly towards an
insoluble s ta te  (see Sections 2.4.2 for a more de tailed  discussion of these
topics).
S iesler e t a l ni8> studied the reaction  k inetics of a lip h a tic  maleimides
using in frared  spectroscopy and found an almost linear co rre la tion  between
overall Arrhenius activation  energy and the number of methylene groups between 
the imide rings (in an homologous series). These ac tivation  energies agreed 
reasonably well (within 20 kJ/mole) with those reported by Stenzenberger<222>
using DSC, although the IR values were consisten tly  higher. Likewise, the  study 
of the polymerization processes of aspartim ides is  also ra re  (see Section 3.5.1) 
although Crivello(53) studied the Michael addition reaction  under more ideal
conditions in solvents of d iffering  po larity  to  obtain information regarding the
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reaction  mechanism. Using model compounds, he demonstrated th a t the Michael 
addition reaction to  produce an aspartim ide was enhanced considerably by the 
addition of a weak protonic acid, but not strong acids or bases, and tha t polar 
solvents fa c ilita te d  the reaction. Di Guilio e t a l (61) and Tungt238) have also 
investigated  the cure processes of the commercial aspartim ide Kerimid 601 using 
FT-IR. Finally the thermal polymerization of cyanate e s te rs  (involving a 
cycloaddition reaction) has been studied somewhat more frequently  using a range 
of techniques including c lass ica l calorim etry / 3 3 * 1 8 7 5  DSC/ 2 3 ' 2 4 ' 7 4 * 2 0 6 ' 2 1 0 - 2 1 4 ' 2 1 7 1
to rsional braid analysis (TBA) / 2 1 7 5  FT-IR*21,50' 107*213) and re fra c tiv e  index (RI) 
change."06’ The study by Cozzens e t al.<so> u tilized  A1C13  to cy clo t rim er ize the 
model cyanate e s te r  2-phenyl-2- (4-cyanatidophenyl)isopropylidene to  i t s  
corresponding s -triaz in e , and Cercena<42) postu lated  a possible mechanism for the 
cyclotrim erization reaction via a 1,4-dipolar interm ediate (although the 
th erm ally -in itia ted  cyclotrim erization of cyanate e s te rs  has a lso  been 
demonstrated on numerous occasions). Each of the above stud ies  are discussed in 
g rea te r depth in subsequent Sections.
I t  is  possible to  construct from f i r s t  p rincip les a standard k ine tic  scheme 
for a free rad ical polymerization, and indeed many standard te x ts  contain such 
d e riv a tio n s /31' 17"  However, these derivations are based on a number of 
assumptions: tha t the ra te  of propagation is  independent of the propagated chain 
length already formed (hence, in i t ia to r  rad ica ls  are tre a ted  as propagating 
chain radicals, and are a l l  considered the same in terms of propagation ra te )  
and th a t the concentration of free  rad icals  becomes e ssen tia lly  constant very 
early  in the reaction, as rad icals  are assumed to  be formed and destroyed a t 
iden tical ra te s  (th is is  the so-called  steady s ta te  hypothesis). If  a l l  of these 
assumptions are valid then a simple k inetic  scheme for thermal polymerization 
(in the absence of in itia to rs )  p red ic ts  overall second order k ine tics  where the 
ra te  is  proportional to  CM]2. However, in the current work whereby therm ally- 
in itia te d  bulk polymerizations are carried  out, i t  is  not possible to  monitor the 
concentrations of the various species in the reaction  mixture and so a rigorous 
derivation of c lass ica l reaction k inetics for addition polymerization seems 
inappropriate.
If  the in it ia to r  concentration (in a ra d ic a l- in itia te d  polymerization) does 
not vary much during the course of polymerization and the in i t ia to r  effic iency  
is  independent of monomer concentration, polymerization proceeds by f i r s t  order 
k inetics (i.e., the polymerization ra te  is  proportional to  monomer concentration).
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The polymerization of certa in  monomers undiluted (in bulk) or in concentrated 
so lution is  accompanied by a marked deviation from f i r s t  order k ine tics  in the 
d irection  of an increase in reaction  ra te  and molecular weight termed 
autoacceleration or the gel e f f e c t /31,171> I t  is  independent of in i t ia to r  and is  
due to the decrease in the ra te  a t which the polymer molecules d iffu se  through 
the viscous medium, thus lowering the a b ility  of the two long-chain rad ica ls  to 
come together and term inate. The decrease in term ination ra te  leads to  an 
increase in o v e r-a ll polymerization ra te  and in molecular weight, since the 
lifetim e of the growing chains is  increased. At qu ite  high conversions (70-90%), 
but long a f te r  propagation has become d iffusion  controlled, the ra te  of 
polymerization drops to  a very low value.
The polymerization k inetics of vinyl compounds by free -rad ica l mechanisms 
are known to  be complex. Even under ideal conditions of d ilu te  so lu tion  of 
monomers with controlled free -ra d ic a l in itia tio n  and in the absence of oxygen 
the overall k inetics of the polymerization chain reaction  are not simple, and are 
dependent on the precise chain in itia tio n , tra n s fe r  and term ination processes. In 
the case of therm al network polymerization of divinyl compounds in the molten 
s ta te  and without rigorous exclusion of oxygen, i t  would be u n re a lis t ic  to
expect to obtain more than a phenomenological descrip tion of the overa ll
kinetics. Quite apart from the thermal in itia tio n  and the high bulk 
concentrations of monomers and rad icals, the process is  complicated by physical 
e ffec ts  such as the' increasing viscosity , gelation  and ultim ately  v itr if ic a tio n . 
Increasing v iscosity  may lead to acceleration of ra te , the Trommsdorff e ffec t
where chain term ination is  inhibited  by reduced diffusion, or in some 
circumstances re ta rd a tio n  could occur due to  reduced co llision  of propagating 
rad ical and monomer. V itrifica tio n  w ill lead to  early  term ination of the 
polymerization by v ir tu a l quenching of reaction  due to  the extremely high 
viscosity  of the system. However, the study of these systems is  of g reat 
technological significance and an increased understanding of the k in e tics  and 
mechanisms are of high value. The current sem i-quan tita tive  approaches may 
ultim ately be superseded by more fundamental s tu d ies  as su itab le  an a ly tica l
too ls are fu rth er developed.
(1.3) Classification o f polymers according to use
I t  is  the macromolecular nature of polymeric m aterials th a t confers the 
exceptional mechanical p roperties as compared with o ther m ateria ls. The
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molecular s tru c tu re  of a polymer gives r is e  to  the character of i t s  morphology 
which in turn  influences i t s  bulk physical p roperties. Various polymers may be 
described as amorphous, sem i-crysta lline , or c rysta lline . C ry sta llin ity  depends
upon a number of fac to rs  including chain po la rity  and interm olecular a ttra c tio n , 
and the reg u la rity  of the chain s trc tu re  and stereochem istry.
Polymers may be characterized by two tra n s itio n  tem peratures: the melting 
or fusion point, TWl, and the g lass  tra n s itio n  tem perature, Tg. T„ is  a f i r s t -  
order tran s itio n  seen as a d iscontinuity  in the enthalpy-tem perature curve, 
while Tg is  a second-order tra n s itio n  seen as a d iscontinuity  in the derivative  
enthalpy-tem perature curve (i.e., specific  heat capacity). For highly c ry s ta llin e  
polymers the former is  perhaps a more important tran sitio n , whereas for 
amorphous polymers (such as those studied here) the la t te r  is  more s ig n ifican t. 
The g lass tran s itio n  tem perature defines a tem perature above which d ra s tic
changes in physical p roperties such as e la s tic ity , hardness, spec ific  volume, and 
heat capacity occur.
The g lass  tran s itio n  process is  a complex one, involving a rapid increase 
in molecular motion in sections of the chain. This m anifests i t s e l f  as a 
softening of the m aterial. The tem perature a t which th is  occurs, Tg, depends on 
a large number of fac to rs including molecular weight and chain flex ib ility . Chain 
f le x ib ility  in turn depends on bond order in the main chain, and also  on the
size, polarity , and inherent f le x ib ili ty  of side groups or chains (these fac to rs
are discussed in g rea te r depth in Section 2.4.4.3).
Melting tem peratures are predominantly governed by molecular chain 
flex ib ility , polarity , symmetry, and molecular weight. As these fa c to rs  are 
sim ilar, and in some cases identical, to those influencing the g la ss  tra n s itio n  
temperature, some correla tion  between Tg and Tm is  observed.
Cross-linking the polymer chains re su lts  in an insoluble m ateria l because 
the polymer is  no longer composed of large d isc re te  molecules, but of chains 
joined a t in te rva ls  by the cross-links. For the same reason, the m ateria l is  a lso  
incapable of melting without some preceding decomposition. The m ateria l may, 
however, s t i l l  be capable of softening (i.e., undergoing a g la ss  tra n s itio n  
process) because sections of the chain are s t i l l  capable of undergoing motion. 
The g lass tran s itio n  tem perature is  positively  re la ted  to  the c ro ss-lin k  density  
and by forming very densely cross-linked m ateria ls i t  is  possible to  produce
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m aterials in which Tg exceeds the decomposition tem perature (and is  th e re fo re  
never observed).
The scheme below depicts a crude c la ss ific a tio n  of technological use of 
various types of polymer with s ta te .
Glassy P lastics  Rigid P las tic s  A rtif ic ia l F ibrest Thermoset P la s tic s
T1 C} ----------------------------------------------------------------------------------------------------------------------------------------- - ---------------------------------- - -------------------------------------------------------------
Rubbers* Soft and flex ib le  
P lastics
Amorphous Sem i-crystalline C rystalline Crosslinked
-----------------------------------Increasing Chain Association----------- •-------------------------- >
key:
* Amorphous polymers above Tg normally requ ire  a lig h t degree of c ro ss-
linking to  prevent creep, before a sa tis fa c to ry  elastom er is  produced,
t A rtif ic ia l fib res  often have o rien ta ted  c ry s ta llin ity .
Polymers with g lass tra n s itio n  tem peratures below ambient tem perature are 
represented below the line, those with Tg g re a te r  than ambient above the  line. 
Most polymers examined in the course of th is  work are thermoset re s in s  (ex.
Warner, ref. 255):
(1.4) Applications o f  Thermally Stable, High Performance Polymers: Background to  
H eat-resistan t Polymer Development
The p a rticu la r need for heat re s is ta n t m aterials in the aerospace fie ld  is  
perhaps best i l lu s tra te d  as follows: during the major part of a f lig h t by the 
supersonic a irc ra f t Concorde from London to  New York, somewhat over two hours, 
the skin tem perature is  approximately 110*C. Hence, the m ateria ls  of
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construction must be capable of withstanding exposure to  th is  tem perature for 
the a ir c r a f t ’s flying lifetim e, say 30,000 hours. In fact, Concorde’s  f lig h t 
p ro file  is  partly  governed by the fac t th a t 1108C is  about the maximum 
tem perature of use of cu rren tly -availab le  aluminium alloys. At higher speeds the 
problem is  magnified because the skin tem perature r is e s  with the square of the 
speed. Thus for a Mach 3 a irc ra f t  the skin tem perature would be about 300*C, 
and titanium  or s ta in le ss  s te e l  would have to  be used in i t s  construction
instead of aluminium. Nonmetallic components (e.g., windows, radomes, ty res, 
seals, paints, and insu lan ts) would also  have to  be capable of w ithstanding such 
tem peratures for long periods of time without undue de terio ra tion .
The question of time a t tem perature is  a very important consideration in 
any discussion concerning the application of h e a t- re s is ta n t polymers. The other 
main aerospace use, guided weapons, re -en try  vessels, space sh u ttle  service, may 
involve the imposition of very high tem peratures (perhaps thousands of degrees), 
but for very short time periods. Under such conditions, of course, nonm etallic 
m aterials are degrading rapidly, and i t  is  the very breakdown th a t conveys 
insu lating  p roperties / 52>
Having established a need for h e a t- re s is ta n t polymers, the requirem ents
for use of a polymer a t high tem peratures may be simply sta ted :
1. Retention of mechanical properties -  high softening point, high g lass
tran s itio n  temperature;
2. High resistance  to  thermal breakdown;
3 High res istance  to  chemical a ttack  (i.e., oxidation, hydrolysis, etc.').
For s tru c tu ra l composites the requirement is  for high modulus, s treng th , 
impact resistance, and good environmental s ta b i l i ty  (e.g., hot/w et atmosphere). 
The softening point and g lass  tran s itio n  tem perature (and i t  should be noted 
tha t i t  is  the la t te r  th a t o ften  governs the maximum p rac tica l use tem perature 
of a polymer ra th e r than the former) can be ra ised  by increasing the 
interm olecular forces between chains. This can be done by incorporating polar 
side groups, by increasing the opportunities for hydrogen bonding, and by ac tu a l 
chemical cross-linking of the chains. Other methods are to  increase the 
reg u la rity  of the chain with possible consequent increase in the degree of 
c ry s ta ll in ity  (e.g., by s te reospecific  polymerization, or by making the chain more
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rig id  by the incorporation of bulky cyclic roups, especially  para-linked) in the 
main backbone.
Pure thermal s ta b i l i ty  is  influenced by the streng th  of chemical bonds and 
i t  is  axiomatic th a t combinations of atoms with known weak bond s tren g th s  
should not be used. Other poin ters to  thermally s tab le  s tru c tu re s  are given by 
the properties of model compounds. The drawback to  th is  is  th a t the polymer 
chain environment in which degradation occurs often  has e ffe c ts  th a t would not 
have been predicted from the behaviour of model compounds. I t  must be 
emphasized tha t i t  is  very d iff icu lt, i f  not impossible, to  prepare a polymer as 
a pure compound in the s t r i c t  chemical sense. Besides the questions of molecular 
weight and molecular weight d is trib u tio n , there  are p o ss ib ilitie s  of d iffe ren t 
end-groups, d iffe ren t s te r ic  configurations, branching, and the presence of 
im purities such as in i t ia to r  fragments, occluded solvent, e tc .
Considering the to ta l  data from the study of thermal s ta b i l i t ie s  and 
mechanisms of thermal breakdown of s e ts  of polymers of c lo se ly -re la ted  
s tru c tu re  the following generalizations can be made: To a tta in  high thermal 
s tab ility :
(a) Only the strongest chemical bonds should be used;
(b) The s tru c tu re  should allow no easy paths for rearrangement;
(c) There should be maximum use of resonance stab iliza tio n ;
(d) All ring s tru c tu re s  should have normal bond angles;
(e) Polybonding should be u tilized  as much as possible.
I t  must be s tre ssed  th a t a l l  these conditions rea lly  re la te  to  a perfect 
s tru c tu ra l unit in iso lation . In p rac tice  there  are in te rac tio n s  within and 
between molecules, and seldom does a polymer have a perfect, idealized 
s tru c tu re . Despite these reservations the data are su ffic ien tly  c lear fo r some 
conclusions to  be drawn re la tin g  polymer s tru c tu re  to  thermal s ta b i l i ty .<B2>
1. Chains containing pararlinked rings have the highest thermal s ta b i l i t ie s .  
Such s tru c tu re s  also  have the highest softening points and lowest 
so lu b ilitie s . To achieve an acceptable compromise between ease of 
fabrication and s ta b ility , meta-linked un its  often  have to  be introduced in 
place of some or a l l  the parar linked rings;
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2. Rings containing only hydrogen su b stitu en ts  give optimum heat resistance. 
Replacement of hydrogen by any other atom or group normally re s u lts  in a 
reduction in s ta b ility . At elevated tem peratures in oxidizing atmospheres, 
hydrogen su b stitu en ts  themselves become reactive;
3. Again, to  ease fabrication  problems flex ib le  linking groups often  have to  
be introduced between rings. These too cause a reduction in s ta b ility . Of 
a l l  the linking groups tha t have been used, those having the le a s t e ffec t 
are: -CO- -C00-, -CONH-, -S -, -S02- , -0 - , -CCF2 -Jn- , -CC(CF3)2]n-
4. Poly-/?-phenylene would appear to  be a good standard of what can be 
achieved with respect to  a therm ally s tab le  organic polymer. Of the very 
many heterocyclic polymers synthesized, the best have s ta b i l i t ie s  d iffe rin g  
only marginally from th is  standard. Other fac to rs  such as ease of 
processing, mechanical properties, cost, etc., have therefo re  governed Which 
p a rticu la r polymers have been commercially developed;
The urgency for high use-tem perature matrix res in s  in fib re  reinforced 
composites has encouraged in tensive research / 5 2 , 1 0 4 5  Resins from 
diacetylenes , 0 , 1 0 4 5  addition polyim ides/52, 104, ^ 2 . 2 3 9 -2 5 2 , 2 6 1  >
maleimides,004*139,140' 142, ,50' l5 1 . 2 2 1-233> cy an a te . e s te rs 08"89, , 0 ° - , ° 3 , 2 , ° - 2 1 4 5  and 
epoxies<52> are among the most thoroughly investigated . Epoxy re s in s  are 
currently  by fa r the la rg est segment of addition-cured therm osetting polymers 
which are used to  make s tru c tu ra l  composites in the aerospace industry . 0 4 2 5  
Epoxies owe th e ir  wide usage to  th e ir  ease of handling and processab ility . 
Epoxies used in composites can be cured a t low tem peratures and pressures (e.g., 
121-177’C, 70-100 psi), which means th a t curren tly  available f ix tu re s  such as 
autoclaves su ited  to  these conditions are usable. In most aerospace and other 
engineering applications, tem peratures and pressures exceeding these values make 
i t  d iff ic u lt to  process composites.
The problem with epoxies is  th a t th e ir  upper tem perature range for 
s tru c tu ra l performance is  approximately 177*C. Up to  149’C peformance is  
possible for epoxies exposed to  moist environments, which lim its  the 
applications where they can be used to  those where re la tiv e ly  non-therm ally
c r i t ic a l  s tru c tu ra l parts  are required . 0 4 2 5  Recently, in te re s t has developed in
making p arts  which are to  be used in close proximity to  the therm ally c r i t ic a l
areas of a irc ra f t  such as engines. In addition, considerable in te re s t  has
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developed in the use of higher performance composites in a irc ra f t ,  where skin 
tem peratures can be somewhat higher than epoxy res in  cap ab ilities . Sim ilar 
conclusions are applicable to  composite matrix re s in s  from which i t  is  c lear 
th a t epoxy composites would be somewhat lim ited beyond approximately th e ir  use 
in advanced fig h te r construction.
In circumstances where epoxies cannot be used, higher tem perature 
performance res in s  are needed, but unfortunately  as high tem perature p roperties  
are increased, ease of p rocessab ility  of the res in s  is  reduced. Melt processable 
m aterials are p referred  to  those processed from solution. In addition to  
environmental and engineering problems, removal of solvent from the impregnated 
fib res  causes void formation, re su ltin g  in poor physical p roperties  fo r the 
composite. I t  is  also d if f ic u lt to  remove traces  of so lven t, which can have a 
catastrophic impact on the physical p roperties  of the composite a t high 
tem peratures. The ideal m elt-processable m aterial would flow and wet the 
fibrous reinforcement a t a re la tiv e ly  low tem perature, and, on fu r th e r ra is in g  
the temperature, would undergo curing by an addition reaction  (without evolution 
of vo la tiles). The res in  thus formed should have a high g lass  tra n s itio n  
tem perature (and consequently a high use temperature), therm o-oxidative 
s ta b ility , low moisture absorption (moisture would p la s tic ize  and could 
contribute to  degradation of the composite a t high tem peratures), and excellent 
impact strength .
Poor impact s treng th  is  a major problem with the high use-tem perature 
resin  systems, and a number of s tra te g ie s  have been adopted to  obviate th is  
problem. In one novel approach, prepolymers with a low g lass  tra n s itio n  
temperature (Tg) and high molecular weight, have been cured by intram olecular 
cycloaddition reactions, in order to  yield m aterials with high Tg’s. As few 
interm olecular cross-links are present, these m aterials should exhibit improved 
impact p ro p e rtie s .'1 * The popular approach to  the impact problem has been the 
synthesis of prepolymers with a la rger molecular weight between cross-link ing  
s ite s . This lowers the c ross-link  density, re su ltin g  in a le ss  b r i t t l e  m aterial. 
As a re su lt of th is , the f in a l Tg of the re s in  is  lower, thus lim iting  the 
operational temperature. Furthermore, since the prepolymer has a higher 
molecular weight, p rocessab ility  is  poorer. Thus, a balance of p ro p e rtie s  is  
sought in th is  burgeoning area of research.
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(1.5) Scope o f the work
This area of the research concerns the search for therm ally s tab le ,
processable, high performance m aterials su itab le  for s tru c tu ra l  composite 
applications. Several approaches were adopted in the course of th is  research. 
In it ia lly  the chain-extension of b is-maleimides with reactive  nucleophiles (in 
the form of diamines) was attem pted in order to  reduce the c ro ss-lin k  density  
(and hence the b rittlen e ss )  of the re su ltin g  cured resins. The preparation  of a
novel a ry l cyanate e s te r  (a family of res in s  which have c h a rac te ris tic a lly  good
toughness p roperties) bearing add itional reac tive  functional groups was
successfully  achieved. Finally, the most ambitious area of study involved the 
co-reaction of not only the bis- maleimides, and th e ir  chain-extended
aspartim ides, but also the ary l cyanate e s te rs  in a s e r ie s  of intram olecular 
cycloaddition reactions intended to  produce a favourable novel m ateria l system.
CHAPTER 2: EXPERIMENTAL
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(2.1) Reagents
Diethyl e ther was sto red  over anhydrous calcium chloride and f i l te re d  
before use. Toluene was sto red  over sodium wire. Dimethyl formamide (DMF), 
dimethyl sulphoxide (DMSO), and ethanol were sto red  over 4 A molecular sieve.
Cyanogen bromide was sto red  (in i t s  polythene b o ttle ) in a sealed p la s tic  
bag containing desiccant; in a re frig e ra to r. This m aterial is  extremely hazardous, 
being toxic by inhalation (causing cyanosis), skin absorption, or ingestion; Prone 
to explosion when not kept re frig era ted ; and also  highly hygroscopic (undergoing 
hydrolysis to  form HBr and HCN). The reader is  d irected  to  the following sa fe ty  
publications before attem pting i t s  use: 'Hazards in the Chemical Laboratory, 4 th 
ed.' Bretherick, L. (Ed.) (1986) Royal Society of Chemistry: London; Sigma-Aldrich 
Co., Ltd., M aterial Safety Data Sheet, Oct. 1989 Version product C9149-2 CAS # 
506-68-3.
The a ry l maleimides, JV-phenylmaleimide XI), bis-4-(3-maleimidophenoxy) 
phenylsulphone (2) and b is -4- (4-maleimidophenoxy)phenylsulphone (3), used in 
both the aspartim ide and cyanate e s te r  copolymer blends in th is  work were 
prepared by my predecessor Dr David Warner, in the course of h is  own 
postgraduate research. My thanks are due to  him for the generous donation of 
these m aterials.
The commercial cyanate e s te r  monomers: 2 ,2 '-5is(4-cyanatidophenyl)
isopropylidene (4) (Hi-Tek Polymers, Inc. product designation B-10), a lso  
prepared independently during the course of th is  work (as compound 4b), 4 ,4 '- 
5is(3,5-dimethyl-4-cyanatidophenyl)methane (5) (Hi-Tek product designation M-10) 
(and th e ir  respective prepolymers (B-30 (4a) and M-30 (5a)), and 2 -p h en y l-2 -(4- 
cyanatidophenyl)isopropylidene (5) were very kindly supplied by David A. Shimp of 
Hi-Tek Polymers, Inc., Louisville, Kentucky, U.S.A. The monomer 2,2,-5 is (3 -a l ly l -4 -  
hydroxyphenyl)isopropylidene (7) was prepared in the f i r s t  part of th is  research  
and i t s  characterization  is  outlined in Volume 1 (as compound 3, Phase C).
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(2.2) Analysis Conditions
(2.2.1) D iffe ren tia l Scanning Calorimetry (DSC)
Dynamic d iffe re n tia l scanning calorim etry (DSC) was performed a t a range 
of heating ra te s  (2, 5, 7, 10, 15, and 20*C/minute) under n itrogen
(40 cm3/minute) using a Du Pont 910 calorim eter in terfaced  to  a Du Pont 9900 
thermal analyzer. V olatile liqu id  samples (of 2-4 mg in weight) were run in 
sealed (uncoated) aluminium pans; so lid  samples (8-12 mg) were run in open 
aluminium pans.
(2.2.2) DSC R epeatability  and Reproducibility S tud ies
In order to ascerta in  the comparative accuracy and precision of the 
dynamic DSC technique as used in th is  work, i t  was decided to  undertake an 
analysis of the varia tion  of recorded enthalpy for a sample of given size  and 
heating ra te . Using the Du Pont 910 calorim eter in the manner described above 
in Section 2.2. i, five samples of Blend prepolymer (.15c) were run consecutively 
in open aluminium pans under nitrogen (40 cm3/minute) a t a heating ra te  of 
10*C/minute. The DSC thermograms were nearly iden tica l in each case as expected, 
and common analysis lim its were used in a l l  cases.' The re s u lts  showed an 
average reaction  enthalpy of 212.1 ± 1.6 J/g  of adduct.
A fu r th e r study involved the comparison of enthalpies recorded between 
both the Perkin-Elmer DSC7 and Du Pont 910 calorim eters in the scanning 
(dynamic) mode. A favourable comparison would allow re su lts  to  be quoted from 
e ith e r instrument with equal confidence. Each instrument was operated in the 
manner outlined above using sim ilarly -sized  samples (^ 10 mg) in open aluminium 
pans under nitrogen (40 cm3/minute) a t a heating ra te  of 10*C/minute. For two 
given samples of prepolymer blend (15c) the varia tion  between the two 
instrum ents was 4.3 J/g  of adduct.
(2.2.3) Data Analysis fo r  K inetic Parameters
The data from dynamic DSC was converted in to  ASCII code f i le s  on the 
Perkin-Elmer DSC7 and Du Pont 9900 computers using dedicated softw are. Data were 
then tran sfe rred  (using purpose-w ritten  programmes) via an in te rface  to  a 
Hewlett-Packard HP86 computer. All subsequent data analysis was performed on
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the Hewlett-Packard HP86 computer using purpose-w ritten  softw are. All the 
softw are for sending, accepting, and analyzing data for k ine tics  was w ritten  by 
Dr John M. Barton of the M aterials and S tructu res Department, Royal Aerospace 
Establishment, Farnborough, Hampshire/’9*
(2.2.4) Thermogravimetric Analysis (TGA)
Thermogravimetric analysis (TGA) was. carried  out using a Du Pont 951 
thermogravimetric analyzer in terfaced  with a Du Pont 1090 thermal analyzer. For 
measurements of thermal s ta b il i ty  the n itrogen flow was regu la ted  a t 
40 cm3/minute.
(2.2.5) Polymerization o f  Samples fo r  TGA
All samples polymerized were in the purest obtained s ta te . The samples 
were polymerized under n itrogen (40 cm3/minute) by DSC in aluminium open-top 
pans. A Du Pont 910 calorim eter in terfaced  to  a Du Pont 9900 computer/thermal 
analyzer was used for th is  purpose. The tem perature-tim e programmes involved a 
10*C/minute scan to  a selec ted  isotherm al tem perature (T) -  capable of e ffec tin g  
cure without causing thermal degradation. The m aterial was held a t th is  
tem perature for 15 minutes and the sample quenched by immediate removal from 
the DSC cell. Samples were removed from the DSC pans by bending in h a lf (open 
side out). This operation was carried  out in a clean p la s tic  bag to  allow 
complete collection of the sample. The p a rtic le s  were ground as fine ly  as 
possible with mortar and p estle  p rio r to  use. Isotherm al tem peratures (T) are 
given overleaf in Table 2.1:
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Table 2.1 Polymerization Temperatures of Samples for TGA 
Compound T/*C
(4) 250
(5) 280
(9) 230
(10) 230
(11) 310
(12) 320
(13) 300
(14) 280
( 15cs-15es) 320
(15c-15f ) 320
(16) 320
(17) 300
(16) 300
(21) 280
Blend (2 + 21) 280
Blend ( 4 + 1 0 ) 250
Blend (7 + 10) 250
(2.2.6) Blending Procedure o f  C o-cata lysts fo r  Cyanate E ster Cure
Cyanate e s te r  monomers were blended with a recommended mixture of co- 
c a ta ly s ts005,210_2,4> prio r to  cure (or analysis by DSC). The following procedure 
was employed: the co -ca ta ly sts  to  be used (in th is  work these were usually  
copper(II) naphthenate a t concentrations of 300 and 600 ppm Cu2+ metal, and 
nonylphenol a t a concentration of 4 phr -  4% of the to ta l  re s in  weight) were 
weighed out in the same sample bo ttle . Care must be taken for both m ateria ls  
are viscous liqu ids and accurate weighing is  d iff ic u lt. I t  was found th a t the 
copper (II) naphthenate was most easily  dispensed by means of a small g la ss  rod 
(of the type used as sealed melting point apparatus tubes), and th a t a wide 
bore p ip e tte  was again very su itab le  for the nonylphenol.
The co -ca ta ly sts  were then heated together to  « 90*C w hilst s t i r r in g  by 
means of a magnetic s t i r r e r  bar u n til  a homogeneous mixture was obtained. The
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ca ta ly tic  blend was then allowed to  cool to  room tem perature before the pre­
selected  weight of cyanate e s te r  monomer (to achieve the correct level of 
ca ta ly sis) was added using a g lass  rod or PTFE spatu la  (to avoid the possible 
inadvertant p re -ca ta ly s is  of the blend. The new mixture containing both 
ca ta ly s ts  and the so lid  monomers • were then heated u n til the cyanate e s te r  
monomer was ju s t molten, s t i r re d  b rie fly  u n til  a homogeneous mixture was
obtained, and immediately quenched. The liquid  cyanate e s te r  monomers did not 
requ ire  th is  fin a l mixing step  and were simply s t ir re d  with the co -cata ly st
blend p rio r to  use.
In each case the stoppered sample b o ttle  containing the catalyzed blend
was sto red  in the re fr ig e ra to r  in a sealed polythene bag containing desiccanij 
Before use, the bag containing the sample was allowed to  e q u ilib ria te  to  room 
tem perature for up to  an hour before being opened to  avoid condensation (which 
would also  catalyze the sample).
(2.2.7) Polymerization o f  2-Phenyl-2-(4-cyanatidophenyl)isopropylidene (6)
To produce the p a rtia lly  converted m aterial (6a) the monomer, (6) a mobile 
amber liquid, was heated with a trace  of A1C13 at 180°C under n itrogen for 5 
minutes. To produce m aterial (6b) the monomer was heated a t 180‘C under
nitrogen for 24- hours. To produce the fu lly  converted form of the monomer,
tr is -  (4-cumylphenoxy)-1,3,5 -triaz in e , (8c), the monomer was heated a t 180‘C with 
a trace  of A1C13 under nitrogen for 45 minutes.
(2.2.8) Polymerization T ests
Typically a sample of monomer was placed in a Pyrex Quickfit (B19) boiling 
tube f i t te d  with Dreschel-head (through which nitrogen was passed over the 
sample) The tube was heated by means of a therm ostat-con tro lled  s ilicone  o il 
bath, and a thermometer was placed in contact with the outside of the tube 
(thus polymerization tem peratures quoted are only approximate).
(2.2.9) Fourier Transform Infrared Analyses (FT-IR)
Infrared spectra  were run on a Perkin-Elmer 1750 Fourier transform  
in frared  (FT-IR) spectrom eter in terfaced  with a Perkin-Elmer 7300 computer. 
Solid samples were finely  ground with KBr and placed in a die p ress (10
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tonnes/in2, 20 minutes). The samples were then presented as KBr p e lle ts . Liquids 
were presented as th in  films sandwiched between KBr or NaCl p la tes, or as d ilu te  
so lu tions in a liqu id  cell. In th is  la t te r  case a blank ce ll containing the pure 
solvent was scanned for -  50 cycles p rio r to  analyzing the so lu tion  containing 
the compound in question. The ‘blank’ spectrum was then sub tracted  from the 
analyzed so lu tion  to  produce the f in a l d ifference spectrum,
<2.2.10) Nuclear Magnetic Resonance Spectroscopy <nmr)
Nuclear magnetic resonance (nmr) spectra  were recorded by Mr James P. 
Bloxsidge of the U niversity of Surrey Chemistry Department a t 298K using a 
Bruker AC-300 nmr spectrom eter operating a t 300 MHz for 1H, 75.5 MHz for 13C, 
and 30.4 MHz for 15N. Solutions of the samples for the 1H-13C corre la tion  
spectra  were made up in D6-acetone (- 200 mg/2 cm3). Samples for 15N spec tra  
were dissolved in Analar acetone (0.5 g/2 cm3), and to  th is  so lu tion  was added 
chromium (III) acetylacetonate a t an approximate concentration of 15 mg per 0.02 
mole of n itrogen atoms present. The Cr(III) acety lacetonate elim inates the 
nuclear Overhauser e ffec t (n.O.e.) and reduces the relaxation  times of the 
components. *H and 13C chemical sh if ts , 6, (in ppm) are reported re la tiv e  to  a 
te tram ethy lsilane (TMS) in te rn a l standard; 15N chemical s h if ts  are reported  
re la tiv e  to  ex ternal nitromethane. Two dimensional 1SC-1H co rre la ted  
spectroscopy (C-H COSY), 13C DEPT 135 and XH n.O.e. d ifference spec tra  were 
recorded using Bruker in-house programmes based upon published 
m ethods/27*200' 2605 The *H spectrum of 1 -ally  1-2-cyanatidobenzene was recorded by 
Professor James Feeney of the National In s t i tu te  of Medical Research, Mill Hill, 
London a t 298 K using a Bruker AM500 nmr spectrom eter operating a t 500 MHz.
C2.2.11) Analytical High Pressure Liquid Chromatography (HPLC)
A nalytical HPLC was carried  out using a Waters Instrum ents’ system 
comprising a Waters 510 pump and U6K manual in jec to r and a normal phase s i l ic a  
column. The system was equipped with two detectors: a Waters P401 d if f e r e n t ia l  
refractom eter de tec to r and a Waters Lambda max 481 LC spectrophotom eter (set 
a t X = 280 nm). The system was linked to  an LDC Milton Roy C l-10 computing 
in teg ra to r. The mobile phase used was HPLC-grade dichloromethane/hexane (80/20), 
flow ra te  was 1 cm3/minute.
(2.2.12) Preparative High Pressure Liquid Chromatography (prep-HPLC)
Preparative HPLC was carried  out using a Waters Prep LC 500 apparatus 
equipped with a d iffe re n tia l refractom eter detector. The mobile phase was HPLC- 
grade dicloromethane/hexane (80/20) -  th is  was changed to  70/30 for frac tio n s  
containing m aterial e lu ting  a f te r  the peaks of in te re s t. Flow ra te  was normally 
0.1 litre /m inu te , but was switched to  0.2 litres /m in u te  a f te r  e lu tion  of the main 
peak. Solvent pressures varied between 5 and 15 atmospheres, chamber p ressure  
was approximately 30 atmospheres. The following method was used for a l l  samples 
purified  by preparative HPLC:
The solvent reservo ir was topped up to  5 l i t r e s  before the commencement 
of the run with the selected  mobile phase. Before each run th is  mobile phase 
was allowed to  c ircu la te  through the system (for approximately 30 minutes) by 
placing the o u tle t tube in the solvent reservo ir. The crude samples of the a ry l 
cyanate e s te rs  (between 10-20 g dissolved in 75 cm3 of the mobile phase) were 
loaded onto the column as a so lu tion  via a second solvent in le t -  not by 
injection. Collection vessels were changed severa l times during the e lu tion  of a 
compound shown by a single peak on the de tec to r readout. Every portion 
collected was then te s ted  by analy tica l HPLC, and only portions of g re a te r  than 
98% purity  were combined to  give a so lu tion  of the product. This so lu tion  was 
concentrated (to an approximate volume of 50-100 cm3) by reduced pressure  
d is ti l la t io n  using a ro tary  evaporator. Finally, the purified  product was placed 
in a therm ostatted  o il bath (at 45*C) and connected via a reduction adaptor to  a 
high vacuum pump which removed any remaining traces  of solvent. I t  was th is  
fin a l product th a t was examined by an aly tica l HPLC and the various an a ly tica l 
techniques outlined above. Following each run, the system was flushed with HPLC- 
grade dichloromethane to  clean the column (removing any im purities retained).
(2.2.13) Dynamic Mechanical Thermal Analysis (DMTA)
Dynamic mechanical thermal analysis (DMTA) was carried  out on cured neat 
resin  samples using a Polymer Laboratories dynamic mechanical therm al analyzer 
in terfaced to a Compaq 286 Diskpro personal computer running in-house softw are 
produced by Polymer Laboratories. The samples were o sc illa ted  in sing le  
cantilever clamps in a 2-point flexu ra l mode at a fixed frequency of 10 Hz 
while being scanned over a tem perature range of 50 to  500*C a t a heating  ra te  
of 2 ’C/minute in a nitrogen atmosphere. In a number of samples when the cure
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cycle proved in su ffic ien t to  e ffec t fu ll  cure (where no d e fin ite  Tg was 
observed) the sample was cycled in the DMTA. The sample was repeatedly quenched 
while remaining in the clamps and rescanned to  a higher tem perature u n til  a Tg 
was observed.
Two methods were employed to  produce te s t  samples depending on the 
physical s ta te  of the (co-) monomers. The solid  samples with re la tiv e ly  high 
melting points (e.g\, bis- (4-maleimidophenyl)ether (9), mp 181-183X) were 
prepared according to  a reported m ethod/95 A mould which gave castings of -  
30*10 mm was made from two su rface -trea ted  s te e l  p la te s  separated  by a 
ta ilo red  silicone rubber shim (depth 1.5 mm). The prepolymer blend (comprising a 
bis-maleimide and a diamine) was dried and compressed in to  a p e lle t, using a KBr 
die press. The evacuated die containing the prepolymer blend was subjected to  a 
pressure of 10 tonnes/in2 (30 minutes) to  produce a homogeneous p e lle t and 
remove the a ir  trapped within the p a rtic les. The p e lle t was placed on the cold, 
but gradually-heating lower p la t ten of a press. The cold top p la te  was carefu lly  
positioned over the solid  pe lle t, a layer of lead sheet placed upon th is  (to 
pro tect the surface of the s te e l  p late , and to  afford  an even load d is trib u tio n ), 
and the presses lowered u n til  re s tin g  (with no load) upon the p la tes. In th is  
way, an even flow of heat was generated between the p la t tens. As the 
tem perature of the p la tten s  increased the prepolymer blend became molten and 
the weight of the p la tes  forced the sample to  f i l l  the mould. A pressure  of 200 
tonnes/in2 was applied to  the molten blend a t a tem perature of 170X overnight. 
The poly(aspartim ide) specimens then underwent a free-stand ing  post-cu re  (wired 
between g lass p la tes  to  prevent warping) a t 210X (two hours) and 240*C (three 
hours).
Liquid samples, or those with melting points lower than 100X were tre a ted  
in a d iffe ren t manner. A mould was prepared from two g lass  p la te s  sandwiching a 
PTFE shim (depth 1.5 mm) containing a reservo ir (- 40*10 mm). The g la ss  p la te s  
were compressed about the shim by means of five engineering clamps (allowing a 
very tig h t sea l with no leakage between the p la tes, and the complete mould 
placed in an oven which was then heated to  a preselected  tem perature to  allow 
the sample to  be tran sfe rred  in to  the mould as a molten sample. In the case of 
the liquid  samples, the monomer or prepolymer blend was placed in a vacuum oven 
and degassed while s t ir r in g  to  remove a ir  from the sample (for so lid s  the 
tem perature was ra ised  u n til  ju s t above the liquefaction  point of the monomer 
before degassing). The prepolymer blend was then applied by means of a wide
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bore p ip e tte  into the mould and the tem perature ra ised  to  begin the cure cycle. 
The cure cycle was iden tica l to  tha t employed by Ciba-Geigy to  cure th e ir  
commercial resin  Matrimid 5292,<126' 127) a m aterial which co -reac ts  in a sim ilar 
manner to  the analogous a lly l-su b s titu te d  cyanates reported here. The cure cycle 
consisted of one hour a t 160X and two hours a t 200 #C. The samples then 
underwent a post-cure  (wired between g lass p la tes) for five hours a t 250X in 
an argon atmosphere. A modified Pye 104 gas chromatograph oven was used for 
the f in a l post-cure -  a g lass  quickfit vessel contained the sample within the 
oven allowing a flow of argon to  purge the sample.
(2.2.14) Miscellaneous Analyses
Elemental analyses were run by the la te  Mr Errol Hopwood and Ms Nicola
Walker of the Microanalysis section  of the University of Surrey Chemistry
Department using a Carlo Erba 1106 elem ental analyzer. Two methods were 
employed to  analyze both so lid  and liquid samples. For the so lid  samples an 
accurately-known weight of the so lid  sample was placed in a high p u rity  sample 
pan supplied by Goodfellow Metals (and specified  as containing >99.9% tin). This 
sample pan was then sealed by crimping prio r to  analysis. For mobile liqu ids a 
d iffe ren t s tra teg y  was adopted: An accurately known weight of the liqu id  was 
tran sfe rred  by m icro-syringe in to  a g lass  ampoule which was then quickly sealed 
to prevent loss of the sample by evaporation. The sealed g la ss  ampoule 
containing the sample was then analyzed in the usual manner. Viscous liqu ids 
were tran sfe rred  using a g lass  rod into a g lass  ampoule and placed in to  a 
crimped tin  sample pan prior to  analysis.
Melting or liquefaction  tem peratures were measured v isually  using a 
Koffler h o t-s tag e  microscope melting point apparatus. In the case of compound 
(.21), 2 ,2 '-5is(3-allyl-4-cyanatidophenyl)isopropylidene, the melting point was 
determined using a Du Pont 910 calorim eter/9900 thermal analyzer (heating ra te  
lX /m inute). All samples for DSC and TGA were weighed using a S arto riu s  4503
MICRO microbalance with a nominal accuracy of ± 0.001 mg.
(2.2.15) Crystallographic Determinations
Cell determination and data collection were carried  out by Dr David C. 
Povey and Messrs. Gallienus W. Smith and Jonathan M.R. Davies on an Enraf Nonius
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CAD4 fo u r-c irc le  d iffractom eter using graphite  monochromated Mo-Ka rad ia tion  (X 
= 0.71069 A). The s tru c tu re s  were determined by the d irec t methods program 
Multan, and the pseudo-em pirical absorption correction DIFABS was applied. All 
calculations were carried  out using the S tructure  Determination Package (SDP) 
Plus V I.la on a DEC PDP 11/73 computer (see Appendix 2.2 for fu r th e r de ta ils) .
(2.2.16) Purification o f  Bis-maleimides by Column Chromatography
The crude bis-maleimide (- 5.00 g) was dissolved in Analar dichloromethane 
(150 cm3), vacuum -filtered, and washed with d is tille d  water (2x150 cm3). The 
organic ex trac ts  were combined, dried over anhydrous calcium sulphate (16 
hours), and to  th is  f i l t r a te  was added tetrahydrofuran (THF) (3 cm3). Samples of 
the crude bis-maleimide so lu tions were carefu lly  loaded onto a s in te r  column 
(of length 40 cm and radius 1 cm, h a lf - f i l le d  with neu tra l, ac tiva ted  BDH 
Brockman grade 1 alumina), which was then topped up with portions of Analar 
dichloromethane (3x30 cm3, containing 2% v/v THF). The in i t ia l  co lourless eluant 
was discarded, and nine frac tions of approximately 20 cm3 were collected. The 
solvent was removed on the ro ta ry  evaporator and the re su ltin g  so lid  samples 
dried in a vacuum oven (60*C, 24 hours). The frac tions were individually  te s ted  
by dynamic DSC, and only those demonstrating pure bis-maleimide thermal 
behaviour (i.e., rapid m elt/polym erization and the presence of a second, high 
temperature, exotherm as discussed elsewhere04"16' 255’ and in Section 3.4) were 
combined to  form the fin a l pure m aterial.
(2.3) General Syn thetic  Methods
(2.3.1) B is-4 - (3-aminophenoxy)phenylsulphone (8)
A tw o -litre , three-necked round bottom flask  was equipped with n itrogen  
in le t/o u tle t, thermometer, a ir  condenser, mechanical s t i r r e r ,  and p ressu re - 
equalizing funnel. To th is  vesse l was added p-difluorodiphenylsulphone (76.2 g, 
0.3 mole), m-aminophenol (65.49 g, 0.6 mole), and anhydrous Analar potassium 
carbonate (82.92 g, 0.6 mole). The apparatus was thoroughly flushed with 
n itrogen (30 minutes) and W-methylpyrrolidinone (300 cm3, re -d is t i l le d  under 
nitrogen) was added under nitrogen. The flask  was surrounded with aluminium 
fo il to  exclude ligh t and the contents of the reaction  vessel were s t i r r e d  under 
nitrogen a t room tem perature (30 minutes).
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The reaction  mixture was heated under nitrogen by means of a 
therm ostatted  o il bath a t 100*C (60 minutes), then the tem perature ra ised  to 
180X (7 hours) -  during which time lig h t was excluded from the flask. The 
contents of the flask  (a claret-co loured  so lu tion  and white p rec ip ita te ) were 
allowed to  cool to  ambient tem perature, and added slowly to  v ig o rously -stirred , 
deoxygenated d is til le d  water (1500 cm3). A heavy green o il  separated  out from 
which the water was decanted, and the o il was then washed with fu rth e r 
deoxygenated, d is til le d  water. A d ilu te  hydrochloric acid so lu tion  (60 g, 0.6 
mole conc. HC1 in d is til le d  water 540 cm3) was added to  the o il  which then 
dissolved on heating. The dihydrochloride so lution was trea ted  with a mixture of 
activated  charcoal and ash less flock, and refluxed for one hour. The cooled 
solution was f il te re d  and trea ted  with 0 . 8 8  aqueous ammonia u n til  s lig h tly  
alkaline as indicated by pH paper.
The im m ediately-precipitated so lid  diamine was iso la ted  by vacuum 
f il tra tio n , washed with a large amount of d is til le d  water and dried overnight in 
a vacuum dessica to r1. The so lid  was rec ry sta llized  from deoxygenated ethanol 
under nitrogen (without hot f i l t ra t io n  or charcoal treatm ent) yielding white 
c ry s ta ls  and depositing a ta r  on the bottom of the flask. The rec ry s ta lliz a tio n  
was repeated on the ta r  u n til  no fu rth e r c ry s ta ls  could be obtained to  yield 
98.55 g (75.99%) mp 135.7X, l i t .  (132-134)X.(63' 255>
(2.3.2) B is- (4-maleimidophenyl)ether (9)
Bis- (4-aminophenyl)ether (67.56 g, 0.34 mole) was dissolved under n itrogen 
in tyW'-dimethylformamide (DMF) (220 cm3). The s t ir re d  so lu tion  was cooled to  
between 0 ’ and 5X and a so lu tion  of maleic anhydride (66.25g in 220cm3 DMF) 
was added a t such a ra te  th a t the tem perature of the mixture did not exceed 
15 X. The s tir re d  so lu tion  of the bis-maleamic acid was warmed to  ambient 
temperature, and s t ir re d  under nitrogen (60 minutes). Sodium ace ta te  (22.52 g, 
0.26 mole) and acetic  anhydride (103.48 g, 0.96 mole) were added to  the contents 
of the flask, which was then reflushed with nitrogen, warmed (55 X, 60 minutes), 
and allowed to  cool to ambient temperature. The product was poured in to  
v igorously -stirred , d is til le d  water ( 2 0 0 0  cm3) and the solid  obtained washed and 
dried to  give 104.1 g of a mustard-yellow powder. Pure m aterial, from a small 
portion of the crude product, (4.97 g, 99.4%) was obtained by column 
chromatography (see Section 2.2.15) T„. (181-183)X, l i t .  (180-184)X.<255' 26,’
(2.3.3) Bis- (4-maleimidophenyl)methane (10)
This m aterial is  commercially-available (- 95-96% pure), but was purified  
in the same manner as (8), with the exception of the water-washing and calcium 
sulphate drying procedures. Pure m aterial <3.25 g, 65%) was obtained T„, <159— 
160)*C, l i t .  <157-158)*C.<255' 2615
(2.3.4) General Solution Aspartimide Adduct Syn thesis
(2.3.4.1) Aspartimide so lu tion  adduct o f  bis-(4-m aleim idophenyl)ether and b is -  
(4-aminophenyl)ether (BMI molar fraction 0.625) (U s)
The bis-maleimide <11.25 g, 0.03 mole) and diamine <3.75 g, 0.019 mole) 
were dissolved in DMF <35 cm3) under nitrogen. Hydroquinone <0.15 g) and g lac ia l 
acetic  acid <0.6 cm3) were added, and the so lu tion  heated under n itrogen <120°C, 
4 hours) by means of a therm ostatted  s ilicone o il  bath. The so lu tion  was allowed 
to  cool under nitrogen and added dropwise to  vigorously m echanically-stirred  
methanol <2 litre s ) . The p rec ip ita ted  product was iso la ted  by vacuum f i l t r a t io n  
and dried under vacuum <105*C, 16 hours) to  yield 12,45 g <83%), Tm <170-185)°C. 
Found: C, 66.94; H, 4.20; N, 9.46; C,3 OH9 6 N1 6 0 2 8  requires: C, 68.00; H, 4.03; N, 9.33%
(2.3.4.2) Aspartimide so lu tion  adduct o f  bis-(4~maleimidophenyl)ether and b is -  
(4-aminophenyl)methane (BMI molar fraction 0.625) (12s)
This was prepared from bis- <4-maleimidophenyl)ether <11.28 g, 0.03 mole) 
and bis- <4-aminophenyl)methane <3.72 g, 0.019 mole), using the method described 
above for (4s). The yield of crude product was 8.25 g <55%), Tm <153-163)°C. 
Found: C, 69.00; H, 4.36; N, 9.33. Ci3 9 H1 0 2 N,6 0 2s requires: 69.67 C, 4.29 H, 9.35 N%
(2.3.4.3) Aspartimide so lu tion  adduct o f  b is -  (4-maleimidophenyl)methane and b is -  
(4-aminophenyl)ether (BMI molar, fraction 0.625) (13s)
This was prepared from bis- <4-maleimidophenyl)methane <12.85 g, 0.03 mole) 
and bis- <4-aminophenyl)ether <2.15 g, 0.01 mole), using the method described 
above for (4s). The yield of crude product was 5.25 g <35%), Tm <140-147)*C. 
Found: C, 69.33; H, 4.35; N, 9.00. C,4 1 H,O6 N,6 02 3  requires: C, 70.79; H, 4.47; N, 9.37%
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(2.3.4.4) Aspartimide so lu tion  adduct o f  bis-(4-maleimidophenyl)methane and b is -  
(4-aminophenyl Methane (BMI molar fraction  0.625) (14s)
This was prepared from b is-  (4-maleimidophenyl)methane <7.51 g, 0.02 mole) 
and bis- (4-aminophenyl)methane (2.49 g, 0.01 mole), using the method described 
above for (4s). The yield of crude product was 2.8 g (28%), Tm (147-157)°C. 
Found: C, 72.41; H, 4.85; N, 9.79. C,^H1 1 2 N1 6 02O requires: C, 72.47; H, 4.73; N, 9.39%
(2.3.4.5) Aspartimide so lu tion  adduct o f bis-(4-maleimidophenyl)methane and b is -  
4- (3-aminophenoxy)phenylsulphone (BMI molar fraction 0.625) (15cs)
The Ms-maleimide (5.97 g, 16.7 mmol) and diamine (4.32 g, 9.99 mmol) were
i
dissolved in DMF (35 cm3) under nitrogen. Hydroquinone (0.15g) and g la c ia l 
acetic  acid (0.6 cm3) were added, and the so lution heated under n itrogen  (120°C, 
4 hours) by means of a therm ostatted  o il  bath. The so lu tion  was allowed to  cool 
under nitrogen and added dropwise to  v ig o ro u sly -s tirred  methanol ( 2  l i t r e s ) ,  the 
p rec ip ita ted  product was iso la ted  by vacuum f il tra tio n . The methanol was 
concentrated on the ro ta ry  evaporator and the re su ltin g  DMF residue  was 
tran sfe rred  in to  v ig o ro u sly -s tirred  d is til le d  water (dissolving the DMF and 
p rec ip ita ting  the remaining adduct). The crude product was iso la ted  a t the pump 
and dried under vacuum (65°C, one week) to  yield 10.15 g (52.5%) of the  canary
yellow adduct Tm (130-161 )*C. Found: C, 66.95; H, 4.48; N, 7.14. C1 7 7 H1 3 oN1 6 0 3 2 S3
requires: C, 66.82; H, 4.24; N, 7.25%
(2.3.4.6) Aspartimide solution adduct o f  b is -  (4-maleimidophenyl)methane and b is -  
4-(3-aminophenoxy)phenylsulphone (BMI molar fraction 0.571) (15ds)
This was prepared from bis- (4-maleimidophenyl)methane (7.17 g, 20 mmol) 
and bis-4-  (3-aminophenoxy)phenylsulphone (6.49 g, 15 mmol), using the method
described above for (15cs). The yield of crude product was 6.77 g (35%), Tm 
(105-115)*C. Found: C, 66.96; H, 4.69; N, 6.51. Cis6 HugN,4 0 2 8 S3  requires: C, 68.61; H, 
4.28; N, 7.18%
(2.3.4.7) Aspartimide solution adduct o f  b is -  (4-maleimidophenyl)methane and b is -  
4 - (3-aminophenoxy)phenylsulphone (BMI molar fraction 0,556) (15es)
This was prepared from b is- (4-maleimidophenyl)methane (6.9 g, 19.3 mmol) 
and b is-4 -  (3-aminophenoxy)phenylsulphone (6 . 6 6  g, 15.4 mmol), using the  method
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described above for (15cs). The yield of crude product was 6.70 g (45%), Tro <75- 
90)*C. Found: C, 67.62; H, 4.35; N, 7.10. QjoifysoNjeOasS* requires: C, 68.55; H, 4.29; 
N, 7.16%
(2.3.5) General Blended Prepolymer Preparation
The Ms-maleimide and the diamine were gently heated together with 
s t ir r in g  under n itrogen using a therm ostatted  o il bath, u n til  fusion had ju s t 
occurred. The blend was immediately quenched and ground with a p estle  and 
mortar p rio r to  analysis.
(2.3.5.1) Blend prepolymer o f  b is -  (4-maleimidophenyl)ether and b is - (4 -
aminophenyl)ether (BMI molar fraction 0.625) (11)
This was prepared from bis- (4-maleimidophenyl)ether (2,66 g, 7.38 mmol) and 
bis- (4-aminophenyl)ether (0.89 g, 4.45 mmol), using the method described above. 
The yield of crude product was 3.50 g (98.6%), Tm (140-165)'C. Found: C, 67.73; H, 
4.20; N, 9.46; C,3 oH9 6 Ni6 0 2 8  requires: C, 68.00; H, 4.03; N, 9.33%
(2.3.5.2) Blend prepolymer o f  b is -  (4~maleimidophenyl)ether and b is -  (4-
aminophenyDmethane (BMI molar fraction  0.625) (12)
This was prepared from b is- (4-maleimidophenyl)ether (2.00 g, 5.55 mmol) and 
bis- (4-aminophenyl)methane (0.66 g, 3.33 mmol), using the method described above. 
The yield of crude product was 2.61 g (98%), Tm (140-166)#C. Found: C, 69.00; H, 
4.36; N, 9.33; Ci3 9 H,0 2 N,6 0 2S requires: C, 69.67; H, 4.29; N, 9.35%
(2.3.5.3) Blend prepolymer o f  bis-(4-maleimidophenyl)methane and b i s - (4-
aminophenyl)ether (BMI molar fraction 0.625) (13)
This was prepared from bis- (4-maleimidophenyl)methane (3.02 g, 8.43 mmol) 
and bis- <4-aminophenyl)ether (1.01 g, 5.04 mmol), using the method described 
above. The yield of crude product was 3.99 g (98.9%), Tm (125-140)’C. Found: C, 
71.05; H, 4.23; N, 9.36; requires: C, 70.79; H, 4.47; N, 9.37%.
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(2.3.5.4) Blend prepolymer o f  bis-(4-maleimidophenyl)methane and b i s - (4- 
aminophenyDmethane (BMI molar fraction 0.625) (14)
This was prepared from bis- (4-maleimidophenyl)methane (3.03 g, 8.46 mmol) 
and bis- (4-aminophenyl)methane (1.01 g, 5.09 mmol), using the method described 
above. The yield of crude product was 3.96 g (98.1%), Tm (137-140)<’C. Found: C, 
72.41; H, 4.85; N, 9.79; C1 4 4 Hn 2 N1 6 02o requires: C, 72.47; H, 4.73; N, 9.39%.
(2.3.5.5) Blend prepolymer o f  b is -  (4-maleimidophenyl)methane and b is -4 - (3- 
aminophenoxy)phenylsulphone (BMI molar fraction 0.900) (15a)
This was prepared from bis- (4-maleimidophenyl)methane (1 g, 2.79 mmol) and 
b is-4 - (3-aminophenoxy)phenylsulphone (0.25 g, 5.78 mmol), using the method 
described above. The yield of crude product was 1.21 g (97%), Tm (150-158)°C. 
Found: C, 71,28; H, 4.41; N, 7.36. C4 2 6 H3 2 oN3 0 O7 6 S9  requires: C, 71.20; H, 4.46; N, 
7.41%.
(2.3.5.6) Blend prepolymer o f b is -  (4-maleimidophenyl)methane and b i s - 4 - (3- 
aminophenoxy)phenylsulphone (BMI molar fraction 0.800) (15b)
This was prepared from bis- (4-maleimidophenyl)methane ( 1  g, 2.79 mmol) and 
b is-4 - (3-aminophenoxy)phenylsulphone (0.11 g, 2.54 mmol), using the method 
described above. The yield of crude product was 1.10 g (99%), Tm (145-158 )'C. 
Found: C, 68.48; H, 4.17; N, 7.06. C201H1SoNle036S4 requires: C, 68.56; H, 4.26; N, 
7.16%.
(2.3.5.7) Blend prepolymer o f  b is -  (4-maleimidophenyl)methane and b i s - 4 - (3- 
aminophenoxy)phenylsulphone (BMI molar fraction 0.625) (15c)
This was prepared from b is- (4-maleimidophenyl)methane (3.1 g, 8.65 mmol) 
and bis-4-(3-aminophenoxy)phenylsulphone (2.24 g, 5.18 mmol), using the method 
described above. The yield of crude product was 5.28 g (98,8%), Tm (135-140)°C. 
Found: C, 68.43; H, 4.40; N, 7,06. C,7 7 H1 3 <>N1 6 03 2 S3  requires: C, 68.82; H, 4.24; N, 
7.25%.
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(2.3.5.8) Blend prepolymer o f bis-(4-maleimidophenyl)methane and b i s - 4 - (3-
aminophenoxy)phenylsulphone (BMI molar fraction 0.571) (15d)
This was prepared from bis- (4-maleimidophenyl)methane (3.15 g, 8.79 mmol) 
and bis-4 -  (3-arainophenoxy)phenylsulphone (2.85 g, 6.59 mmol), using the method
described above. The yield of crude product was 5.90 g (98.4%), Tm (135-140TC. 
Found: C, 68.61; H, 4.05; N, 7.11; C^gHneNMOaeSa requires: C, 68.61; H, 4.28; N,
7.18%.
(2.3.5.9) Blend prepolymer o f  bis-(4-maleimidophenyl)methane and b i s - 4 - (3-
aminophenoxy)phenylsulphone (BMI molar fraction 0.556) (15e)
This was prepared from bis- (4-maleimidophenyl)methane (3.14 g, 8.76 mmol) 
and b is -4- (3-aminophenoxy)phenylsulphone (3.03 g, 7.01 mmol), using the method
described above. The yield of crude product was 6.10 g (98.9%), Tm (135-140)°C. 
Found: C, 68.20; H, 4.33; N, 6.95; CaoiH1BoN1 0 O3 sS4 3  requires: C, 68.55; H, 4.29; N,
7.16%.
(2.3.5.10) Blend prepolymer o f  bis-(4-maleimidopbenyl)methane and b i s - 4 - (3- 
aminophenoxy)phenylsulphone (BMI molar fraction 0.500) (15f)
This was prepared from bis- (4-maleimidophenyl)methane (2.02 g, 5.64 mmol) 
and b is-4 - (3-aminophenoxy)phenylsulphone (2.44 g, 5.64 mmol), using the method
described above. The yield of crude product was 4.39 g (98.5%), Tm (135-140)’C. 
Found: C, 68.50; H, 4.21; N, 7.18; C^Hs^OeS requires: C, 68.82; H, 4.24; N, 7.25%.
(2.3.5.11) Blend prepolymer o f  b is -4 -  (3-maleimidophenoxy)phenylsulphone and b is -  
4- (3-aminophenoxy)phenylsulphone (BMI molar fraction  0.571) (16)
This was prepared from b is-4 - (3-maleimidophenoxy)phenylsulphone (4.13 g, 7 
mmole) and b is-4 -  (3-aminophenoxy)phenylsulphone (2.26 g, 5.2 mmole), using the
method described above. The yield of crude product was 6.48 g (98.6%), T„ (125- 
133)CC, Found: C, 65.30; H, 3.77; N, 5.38; C2 ooHi4 oN1A0 *4 S7  requires: C, 65.50; H, 3,85; 
N, 5.35%.
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(2.3.5.12) Blend prepolymer o f  b is -4 -  (3-maleimidophenoxy)phenylsulphone and b is -  
4 - (4-aminopbenoxy)phenylsulphone (BMI molar fraction 0.571) (17)
This was prepared from b is-4 -  (3-maleimidophenoxy)phenylsulphone (4.58 g,
7.7 mmole) and Ms-4-(4-aminophenoxy)phenylsulphone (2.52 g, 5.8 mmole), using
the method described above. The yield of crude product was 7.00 g (98.6%), Tm 
(130-160)’C. Found: C, 65,60; H, 3.80; N, 5.21; C a o o H , r e q u i r e s :  C, 65.50; H, 
3.85; N, 5.35%.
(2.3.5.13) Blend prepolymer o f b is -4 - (4-maleimidophenoxy)phenylsulphone and b is -  
4 - (4-aminophenoxy)phenylsulphone (BMI molar fraction 0.571) (18)
This was prepared from b is-4 -  (4-maleimidophenoxy)phenylsulphone (2.04 g,
3.44 mmole) and b is-4 -  (4-aminophenoxy)phenylsulphone (1.11 g, 2.57 mmole), using
the method described above. The yield of crude product was 3.11 g (98.6%), Tm
(160-175)‘C. Found: C, 65.42; H, 3,90; N, 5.41; CaooHnoN^O^Sy requires: C,
65.50; H, 3.85; N, 5.35%.
(2.3.6) Cyanatidobenzene (19)
To a 250 cm3 Erlenmeyer flask  equipped with a dropping funnel and a
thermometer were added phenol (47 g, 0.50 mole, in 135 cm3 dichloromethane) and 
cyanogen bromide (56.9 g, 0.54 mole). The flask  was cooled to  between -10 and 
-15 "C and fre sh ly -d is tille d  triethylam ine (51 g, 0.50 mole) was added dropwise 
(over one hour) to  the s t ir re d  so lu tion  while maintaining the f la sk  tem perature 
a t -10 to  -15 °C. The mixture was s t i r re d  while being allowed to  warm to  room
tem perature for a fu rth e r two hours. The product was iso la ted  by slowly pouring
the reaction mixture into s t ir re d  ice water (600 cm3), separa ting  as an oily  
phase, followed by dichloromethane ex trac tions (4*50 cm3) of the aqueous phase. 
The combined ex trac ts  were dried over sodium sulphate, tre a ted  with ac tiv a ted  
charcoal, f il te red , and concentrated under vacuum to yield 37.5 g (63%) of the 
desired product -  a vo la tile , colourless oil; Found: C, 70.37; H, 3.98; N, 11.73; 
Calculated for C^NO: C, 70.59; H, 4.20; N, 11.76%; FT-IR (thin film ) 3087 (w), 
3062 (w), 2280 (vs), 2235 (s), 1656 (w), 1620 (m), 1605 (s), 1489 (vs), 1461 (m), 1234 (m), 
1186(vs), 1164(vs), 781 (s), 751 (vs), and 683 (s) cm-1; JH nmr (300 MHz, CDC13, ppm 
from TMS) 7.28-7.33 (2H, d, J  7.4 Hz, 2*Ar-H), 7.28-7.35 (1H, t, J  9.3 Hz, Ar-H), 
7.4-7.5 (2H, t, J  7.1 Hz, 2*Ar-H).
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(2.3.7) 2 ,2 ,-Bis(4-cyanatidophenyl)isopropylidene (4b)
A three-neck, 100cm3 round bottom flask  equipped with a dropping funnel, 
overhead s t i r r e r ,  and thermometer was charged with 4 ,4 '-isopropylidenediphenol 
<5.00 g, 21.9 mmole), cyanogen bromide (4.87 g, 46 mmole), and fre sh ly -d is til le d  
acetone (50 cm3). The flask  was cooled to  -30 *C, and fre sh ly -d is til le d
triethylam ine (4,63 g, 46 mmole) was added dropwise over 35 minutes to  the 
vigorously s t ir re d  mixture, while the tem perature was maintained a t -25 to 
-30 *C, by immersion in a dewar flask  containing an acetone/liquid  nitrogen 
mixture. The reaction mixture was s tir re d  for a fu rth er 1.5 hours while warming 
to  room temperature, and the product iso la ted  by slowly pouring in to  ice water 
(1 li tr e ) , f il te r in g , and washing u n til a n eu tra l f i l t r a te  was obtained. A fter 
vacuum drying, the crude product was rec ry sta llized  twice from cyclohexane to  
yield 4.88 g (80%) of the desired product, a white c ry s ta llin e  solid; mp 82-83 “C. 
Found: C, 73.4; H, 5.1; N, 10.1; Calculated for C)7 HMN2 02: C, 73.7; H, 5.1; N, 10.2%;
FT-IR (KBr) 3076, 3062, 2980, 2877, 2271, 2234, 1602, 1594, 1410, 1371, 1198,
1167, 1078, 1014, 840, 813, and 793cm-1; JH nmr (300 MHz, Ds-acetone, ppm from 
TMS) 1.66 (6 H, s, 2*Me), 7.30-7.33 (4H, d of d, J  9.1 Hz, 4*Ar-H), 7.42-7.45 <4H, d 
of d, J  9.1 Hz, 4*Ar-H).
(2.3.8) l-A llyl-2-cyanatidobenzene (20)
To a 250 cm3 round bottom flask  equipped with a dropping funnel, 
mechanical s t i r r e r ,  and a thermometer were added l - a l ly l - 2 -hydroxybenzene 
(22.34 g, 166 mmol, in 125 cm3 f re sh ly -d is tille d  acetone) and cyanogen bromide 
(18.97 g, 180 mmol). The flask  was cooled to  between -10 and -15*C and fresh ly -
d is til le d  triethylam ine (17 g, 168 mmol) was added dropwise (over a period of
one hour) while maintaining th is  tem perature. A fter complete addition of the 
triethylam ine, the reaction  mixture was s t i r re d  for a fu rth e r five hours while 
being allowed to  warm to  room temperature. The product was iso la ted  by slowly 
pouring the reaction  mixture in to  s t ir re d  ice water (600 cm3), separa ting  as an 
oily phase, followed by dichloromethane ex tractions of the aqueous phase. The 
combined ex trac ts  were dried over sodium sulphate, tre a ted  with activa ted  
charcoal, f ilte red , and concentrated under vacuum to  yield 19.8 g (75%) of the 
crude product, an amber-coloured, v o la tile  liquid; Found: 75.70 C, 5.94 H, 8.76 N; 
C,0 Hc,NO requires: 75.45 C, 5.70 H, 8.80 N%; FT-IR (thin film) 3083 (w), 3011 (w), 
2981 (w), 2918 (w), 2262 (s), 1641 (m), 1582 (m), 1489 <s), 1454 (m), 1207 (m), 1165 (vs), 
1132 (m), 994 (m), 921 (m), and 754 (s) cm-1; 1H nmr (300 MHz, D6 -Acetone, ppm from
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TMS) 3.44-3.46 (2H, d, J  6.4Hz, Ar-CH2), 5.01-5.10 <2H, c.m., =CH2), 5.90-6.03 <1H, 
c.m., CH), 7.25-7.57 (4H, c.m., 4*Ar-H); 15N nmr (30.4 MHz, acetone, ppm from
MeN02) -213.67.
(2.3.9) 2 ,2 ,-B is(3-allyl-4-cyanatidophenyl)isopropylidene (21)
A three-neck, 1000 cm3 round bottom flask  equipped with a dropping funnel, 
overhead s t i r r e r ,  and thermometer was charged with 2 ,2 '-b is (3 -a lly  1-4- 
hydroxy phenyl )isopropylidene (50 g, 162 mmol), cyanogen bromide (47.67 g, 0.45 
mol) and f re sh ly -d is tille d  acetone (200 cm3). The flask  was cooled to  -30 *C and 
fre sh ly -d is tille d  triethylam ine (45.54g, 0.45 mole) was added dropwise over 35 
minutes to  the v ig o ro usly -stirred  mixture while the tem perature was maintained 
at -25* to  -30 *C by immersion in a dewar flask  containing an acetone/liquid  
nitrogen mixture. The reaction  mixture was s t i r re d  for a fu rth e r 1.5 hours while 
warming to  room tem perature, and the product iso la ted  by slowly pouring the 
reaction  mixture into s t ir re d  ice water (1 l itre ) . A fter vacuum drying, the crude 
product (an amber-coloured o il) was purified  using preparative HPLC (see Section
2.2.11) to  yield 40.5 g (69.7%) of the desired product, as a c lear viscous o il
(98% pure). A fter cooling in the re fr ig e ra to r  and scratching with a g lass  rod, 
the product rapidly so lid ified  as a waxy, white c ry sta llin e  solid; mp 48-49 *C. 
Found: 77,1 C, 6.0 H, 7.8 N; C2 3 H2 2 N2 02 requires: 77.1 C, 6.2 H, 7.6 N%; FT-IR (thin 
film) 3081 (w), 3063 (w), 3008 (w), 2977 (m), 2936 (m), 2877 (w), 2272 (s), 221 l(m), 
1640 (w), 1611 (m), 1594 <m), 1493 (vs), 1453(m), 1203(s), 1172(s), 1135 (vs), 994 (m),
919(m), and 749(m) cm-1; JH nmr (300 MHz, D6 -acetone, ppm from TMS) 1.65 (6 H, s,
2*Me), 3.33-3.40 (4H, d, J  6.3 Hz, 2*CH2), 4.95-5.14 (4H, c.m., 2*=CH2), 5.80-5.96 
(2H, c.m., 2*CH), 7.07-7.12 (2H, d, J  2.4 Hz, 2><Ar-H), 7.13-7.20 (2H, d of d, J  6.7 
Hz, 2*Ar-H), 7.33-7.38 (2H, d, J  8.7 Hz, 2*Ar-H); 15N nmr (30.4 MHz, acetone, ppm 
from MeN02) -214.72.
(2.3.10) 2 - (3-Allyl-4-cyanatidophenyD -2l-  (3,- a l ly l - 4 ,-hydroxyphenyl)isopropylidene
(22 )
A three-neck, 250 cm3 round bottom flask  equipped with a dropping funnel, 
overhead s t i r r e r ,  and thermometer was charged with 2,2’-h is (3 -a l ly l -4 -  
hydroxyphenyDisopropylidene (10 g, 32.4 mmole), cyanogen bromide (4.77 g, 0.45 
mole) and fre sh ly -d is tille d  acetone (200 cm3). The flask  was cooled to  - 3 0 *C and 
fre sh ly -d is tille d  triethylam ine (4.56 g, 0.45 mole) was added dropwise over 35 
minutes to  the v igo rously -stirred  mixture while the tem perature was maintained
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at -25 to  -3 0 4C by immersion in a dewar flask  containing an acetone/liquid  
nitrogen mixture. The reaction  mixture was s tir re d  for a fu rth e r 1.5 hours while 
warming to  room tem perature, and the product iso la ted  by slowly pouring the 
reaction  mixture in to  s t ir re d  ice water (1 litre ) . A fter vacuum drying, the 
compound analyzed correctly  for microanalysis to  yield 6.05 g (56%) of the 
desired product, as a viscous, straw -coloured oil. Found: 78.87 C, 7.16 H, 4.07 
N%; C2 2 H2 3 NO2  requires: 79.18 C, 6.95 H, 4.20 N%; FT-IR (thin film) 3430 (bs), 
3079 (w), 3006 (w), 2971 (s), 2933 (m), 2873 (w), 2259(vs), 1639(m), 1610(m), 1592 (m), 
1492 (vs), 1467 (w), 1201 (vs), 1171 (vs), 1137(s), 995 (m), 916 (m), and 818 (m) cm-1;
XH nmr (300 MHz, D6 -acetone, ppm from TMS) 1.62 (6 H, s, 2*Me>, 3.33-3.36 (4H, d, 
7 4.21 Hz, 2xCH2), 4.96-5.09 (4H, c.m., 2*=CH2), 5.76 (1H, s, Ar-OH), 5.82-6.01 (2H, 
c.m., 2*CH), 6.71-6.74 (1H, d, 7 8.15 Hz, Ar-H), 6.88-6.93 (2H, d of d, 7 13.75 Hz, 
2* Ar-H), 7.12-7.17 (2H, d of d, 7 12.64 Hz, 2*Ar-H), 7.28-7.31 (1H, d, 7 8.49 Hz, 
Ar-H).
(2.4) Analytical Techniques and Polymerizing System s
There are special problems in the investigation  of m elt/cross-link ing  
systems such as those studied here. The systems undergo not only chemical 
changes during heating (.e.g., the change of monomer to  a polymer containing both 
monomer and in it ia to r  fragments), but also physical changes (e.g., changes in 
v iscosity , density, so lub ility , heat capacity, and in p a rticu la r changes of s ta te ) . 
During a successfu l thermal cure the system changes from a so lid  to  a melt 
when heated. The melt, which may be mobile, becomes increasingly viscous before 
se ttin g  into a softened, insoluble, in fusib le  solid. This so lid  fin a lly  hardens, 
while remaining both insoluble and infusible. The m aterial is  amorphous 
throughout the course of the reaction, and re la tiv e ly  high tem peratures, 
p a rticu la r to  the system being examined, are required to e ffec t a complete cure.
Such systems do not lend themselves to  examination by chemical techniques 
commonly used to  examine reaction  k inetics (e.g., U.V. spectroscopy, nmr, chemical 
analysis, e tc ) , which often  rely  on so lu b ility  and seldom have provision in the 
instrum entation for the high tem peratures required. One so lu tion  to  th is  problem 
is  to  break the fin a l polymer s tru c tu re  down in to  soluble fragments which may 
then be examined by a varie ty  of techniques.
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(2.4.1) Techniques used to  characterize and evaluate the M aterials
Only the techniques used for examination of the monomers and polymers in 
th is  work are described in th is  section. Although the methods are o ften  used in 
the syn thetic  polymer fie ld , they may also  be used for a varie ty  of o ther 
m aterials. I t  is  not intended to  give a rigorous discussion of each technique, 
as they are extensively discussed in the published lite ra tu re .
(2.4.2) Introduction to  D iffe ren tia l Scanning Calorimetry (DSC)
The Nomenclature Committee of the In te rna tiona l Confederation for Thermal 
Analysis (ICTA) has defined d if fe re n tia l scanning calorim etry (DSC) as a 
technique in whch the difference in energy inputs in to  a substance and a 
reference m aterial is  measured as a function of tem perature w hilst the 
substance and reference m aterial are subjected to  a controlled tem perature 
programme. 0 2 , 1 5 2 1
Whenever a m aterial undergoes a change in physical s ta te , such as melting 
or tra n s itio n  from one c ry s ta llin e  form to  another, or whenever i t  re a c ts  
chemically, heat is  e ith e r absorbed or liberated . Many such processes can be 
in itia te d  simply by ra is in g  the tem perature of the m aterial. The technique of 
DSC was introduced in the form of commercial instrum ents during the 1960s, and 
i t  has been found to  provide a convenient and usefu l method of monitoring the 
course of exothermic reaction. Modern d if fe re n tia l scanning calorim eters are 
designed to  determine the en thalp ies of these processes by measuring the 
d if fe re n tia l heat flow required to  maintain a sample of the m ateria l and an
inert reference at the same temperature. The instrum ent is  usually  programmed 
to scan a tem perature a t a predetermined ra te .
The main advantages of DSC are the modest requirem ents in terms of sample
size, of the order of milligrammes, and th a t i t  can provide q u an tita tiv e  data on 
overall reaction kinetics, with re la tiv e  speed and ease. In addition i t  can give 
measurements of heat capacity, thermal em issivity, the purity  of so lid  samples. 
Furthermore, i t  can be used to  yield phase diagram information and to  measure 
thermal tra n s itio n s  such as the g lass  tra n s itio n  tem perature which is  associated  
with the degree of crosslinking or s ta te  of cure of a resin . However, as
Barton0 2 1  observed, the in te rp re ta tio n  of the re s u lts  does requ ire  a c r i t ic a l
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approach which is  not always su ffic ien tly  evident in published work. Many papers 
have appeared in the l i te ra tu re  since early  1970, which report the use of DSC, 
and the subject has been reviewed in varying d e p th s /12,1521
(2.4.2.1) DSC Instrum entation
Two modes, power compensation DSC and heat flux DSC, can be d istinguished  
depending on the method of measurement u se d /1535 The re la tionsh ip  of these 
techniques to  c lass ica l d if fe re n tia l thermal analysis (DTA) is  discussed by 
Mackenzie/1541
The power compensation DSC instrument was f i r s t  described by Watson et 
al <256) ancj by 0*Neill<184> and i t  was developed in to  a commercial instrum ent by 
the Perkin-Elmer Corporation. I t  u tiliz e s  separate  sample and reference holders 
of low thermal mass, with individual heaters and platinum thermometers, as 
shown schem atically in Figure 2.1. In addition to  controlling the average 
temperature, the instrument varies the power supplied to  the individual h eate rs  
so as to  minimize the tem perature difference between the sample and reference 
thermometers. This power d ifference is  proportional to  the heat flow in to  the 
sample re la tiv e  to the reference m aterial.
Boersma'321 showed th a t q u an tita tiv e  calorim etric data could be obtained 
from a modified DTA instrument in which the sample and reference are in 
separate  containers connected by a controlled thermal resistance, and with 
ex ternal thermocouples. In heat flux DSC, the sample and reference pans are 
placed in the same cell. The path between the sample and reference s ta tio n s  is  
of re la tiv e ly  low thermal res istan ce  and sample and reference are subjected  to  
the e ffe c ts  of the same heater. In such an instrum ent the sam ple-reference 
tem perature d ifference can be re la ted  to  heat flow, and th is  is  the basis  of 
heat flux DSC. The Du Pont 910 DSC (one of a number of examples of heat flux 
DSC instrum ents available, and reviewed by Wendlandt and G allagher)'2571 is  based 
on a fu rth er development of th is  principle, and is  also  i l lu s tra te d  in Figure 
2.1. This instrument u tiliz e s  a s ilv e r  block chamber with an ex ternal heater. The 
chamber contains a constantan (therm oelectric) disk with ra ised  platform s for 
the sample and reference containers. The tem perature d ifference between sample 
and reference is  monitored by area thermocouples formed by the constantan disk 
and chromel wafers under the platform s. Amplification and e lec tron ic  
compensation of the d iffe re n tia l tem perature signal provides a linear
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shown for (15c).
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calorim etric response over a wide tem perature range. The theory of th is  
instrument is  discussed by Lee and Levy/1455
A comparison of the th eo re tic a l basis of the two types of DSC has been 
made by Mraw.<172) In both cases under conditions of dynamic equilibrium  the 
output signal is  proportional to  the heating ra te  and to  the d ifference in 
apparent heat capacity of the sample and reference m aterials. The instrum ent is  
calib rated  for output signal-hea t flow proportionality  using a standard (e.g., 
NPL Indium, a high purity  c ry s ta lllin e  metal) for which the heat of fusion is 
accurately known. Although there  are basic d ifferences in th e ir  mode of 
operation, both types of DSC can yield sim ilar qu an tita tiv e  performance in the 
measurement of heat capacity and monitoring heat flow during exothermic 
tran s itio n s  Or react ions.ts6,11145 * Small samples are necessary to  prevent 
excessive tem perature d iffe ren tia ls , and good thermal contact is  required 
between the sample, i t s  container, and the platform. The sample containers most 
commonly used are cy lindrical pans pressed from pure aluminium fo il. A lternative 
m aterials are used for very high tem peratures or corrosive substances, and
herm etically sealed pans to  withstand several atmospheres pressure can be used 
for v o la tile  m aterials.
<2.4.2.2) Isothermal Mode DSC
In the isotherm al mode the extent of reaction  is  measured d irec tly  as a 
function of tem perature and time. The value of DSC instrum ents used in the
isotherm al mode to  monitor the ra te s  of exothermic reactions is  well 
estab lished .00,21 <22) The method involves the in sertio n  of a sample w ithin i t s  
container in to  the DSC c e ll which has previously been equ ilib ra ted  a t the
required temperature. A small sample is  used so th a t the tem perature r is e  
within the sample, due to  the reaction  exotherm, may be neglected. A fter an 
in i t ia l  period of s tab iliza tio n  the heat flow signal becomes exothermic and then 
as the reaction  reaches completion the heat flow signal approaches a fin a l 
s tea d y -s ta te  level.
When a sample is  introduced in to  the DSC c e ll previously equ ilib ra ted  a t a 
se t temperature, there  is  a perturbation  in the heat flow and sample
tem perature output signals before tem perature control is  re -estab lish ed . As the 
tem perature approaches the se t value the heat flow signal for an in e rt sample 
follows a retarded recovery to  the equilibrium  (zero) level. For a sample
-  41 -
undergoing an exothermic reaction  the in i t ia l  exothermic heat flow due to  the 
reaction  w ill be superimposed on th is  retarded recovery, or baseline, curve.
C2.4.2.3) Temperature-scanning (dynamic) Mode DSC
Typically in tem perature-scanning experiments, the tem perature is  ra ised  
(ramped) a t a steady ra te  (e.g., lOT/minute), from ambient to  some p reset
desired temperature, and the heat flow recorded as a function of tem perature
and time during th is  period. This type of run w ill be re fe rred  to  as scanning
(or dynamic) DSC. The sample is  weighed in to  a disposable aluminium pan (which
may be f la t  and open-topped, or herm etically sealed according to  the s ta te  of
the sample), the reference being a sim ilar empty pan. Normally runs are carried
out under nitrogen. The DSC trace, or thermogram, is  a plot of heat flow versus
tem perature or time (a typ ica l example of which is  depicted in Figure 2.2). In 
the absence of exothermic or endothermic reaction  in sample or reference, the 
heat flow is  proportional to  the sam ple-reference heat capacity d ifference in a 
constant ram p-rate scanning DSC experiment. Changes in heat capacity  are
normally associated with g lass  tra n s itio n  processes, and these may o ften  be 
detected in th is  way. C rystalline melting points are also  detec tab le  as 
endothermic reactions which are v is ib le  on the DSC trace  as described below.
The heat flow during a tem perature scan is  a linear function of the heat 
capacity of the sample and i t s  varia tion  with tem perature. In the absence of 
physical tran s itio n s  and chemical reactions i t  may be taken to  rep resen t a 
baseline. This is  usually  linear over moderate tem perature in te rva ls . Deviations 
from th is  baseline are due to  endo- or exothermic reactions or tra n s itio n s . 
These take the form of a peak above or below the baseline. Sign convention 
determines which d irection  is  endothermic, and which exothermic. The height 
above the baseline a t any time projected onto the y-axis is  taken as the heat 
flow (dq/dt) which is  due to  the process occurring in the sample. Since the x- 
axis is  e ith e r time or temperature, which is  proportional to  time, the area of 
the peak thus rep resen ts AH for the reaction:
^ 2
AH = J (dq/dt ).dt 
t,
The basic assumption in DSC kinetics is  th a t heat flow re la tiv e  to  the 
instrum ental baseline is  proportional to  the reaction  ra te . In the case of 
tem perature-scanning experiments the heat capacity of the sample con tribu tes to  
the heat flow (endothermic), and th is  is  compensated by the use of an 
appropriate baseline under the exo- or endothermic peak produced by the 
reaction. I t  is  also assumed th a t the tem perature gradient through the sample 
and the sam ple-reference tem perature d ifference are small. Careful contro l of 
the sample size, and the operating conditions are necessary in order to  ju s tify  
these assumptions.
(2.4.2A )  Treatment o f  K inetic  Data: Derivation o f  K inetic Parameters from 
Temperature-scanning (Dynamic) DSC
The therm al and catalyzed polymerizations of the various compounds 
analyzed herein are complex processes involving large increases in v iscosity  and 
changes of s ta te . For th is  reason the k inetics derived from DSC must be tre a ted  
as a phenomenological analysis only. As a f i r s t  approximation the analysis  was 
based on a simple n 'th -o rder m odel/115 There follows a derivation of equations 
used in th is  work:
I t  is  convenient to  iden tify  the overall reaction  ra te  in terms 
frac tiona l conversion, oc, so th a t :
a = a/AH
and the overall ra te  is:
da/d t = (dq/dt). (1/AH)
where a is  the area representing  the heat re leased  (AH) by a time t  as shaded 
in the rep resen ta tive  Figure 2.2 (which depicts a typ ica l dynamic DSC thermogram 
for a represen ta tive  blend aspartim ide (15c) obtained for a therm al 
polymerization). Both equations 2.1 and 2.2 are assumptions which may be 
ju s tif ie d  only i f  the contribution of simultaneous elementary reactions to  the 
overall enthalpy re lease  does not vary widely throughout the reaction  (i.e., with 
oc). For the general system:
of the 
(2 . 1 ) 
(2 .2 )
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where M rep resen ts the unreacted end group contained in the monomer, and P the 
reacted  residue in the oligomer or polymer.
The overall ra te  expression assumed is:
da/dt = k(l-cc)n (2.3)
where n is  the overall order of reaction  and k is  an apparent overa ll ra te  
constant dimensionally correct only for f i r s t  order reactions because a. is  used 
as a measure of concentration.
In (da/dt) = In GO + n .in ( l-a )  
and in(k) = In (doc/dt) -  n .tn ( l-a )
However, tem perature varies throughout the DSC run in a scanning experiment and 
r, the apparent ra te  constant is  assumed to  be of the Arrhenius form:
ln(k) = In (A) -  E/RT (2.6)
A being a constant, E the apparent ac tiva tion  energy, and T the absolu te 
temperature.
Hence, equating (2.5) and (2.6):
In (da/dt) -  n .ln ( l-a )  = In (A) -  E/RT (2.7)
da/dt and a are obtained from the DSC equations (2.1) and (2.2), and the 
tem perature T is  known. A plot of the le ft-hand  side of the equation (2.7) 
against 1000/T for the correct value of n should .be lin ea r i f  the data are 
w e ll-f it ted  to  the model.
The overall reaction  order and E may be estim ated by a m u lti- lin ea r 
regression  (MLR) procedure. The MLR method finds the values of n and E which 
give the minimum le a s t square sum of d ifferences between observed and 
calculated data. The model assumes tha t n and E are invariant and th is  need not 
necessarily  be the case, as the ra te  equation is  an overall equation for sev e ra l
elementary reactions occcurring during a period when a marked v isco sity  change
occurs. In such a case the model must be regarded as a f i r s t  approximation.
(2.4)
(2.5)
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(2.4.3) Introduction to Thermogravimetric Analysis (TGA)
This is  in essence a simple technique in which changes in weight of a 
sample are monitored in a controlled environment, w hilst being subjected to  a 
tem perature program or held a t an isotherm al temperature. Precise tem perature 
measurement, low mass samples, and high sen s itiv ity  are important aspects of 
the technique.<3S*2635
(2.4.3.1) Thermal S ta b ilty  C riteria
A problem immediately a rise s  because there  is  ne ither a c lear d efin ition  
of nor standard for thermal s ta b i l i ty  of polymers, nor is  there  a generally  
accepted method for i t s  assessment. For the user of the m aterial, c learly  the 
principal c rite rio n  is  th a t the property, or p roperties, of in te re s t should be 
maintained a t the desired level a t a specifed maximum tem perature fo r a certa in  
length of time. This tends to  be loosely re fe rred  to  as ‘heat resistance*. Owing 
to the d iversity  of requirements, i t  is  not su rp ris ing  th a t a host of d iffe ren t 
te s t s  and te s t  conditions have been employed. There are basically  two d iffe ren t 
mechanisms by which property d e terio ra tio n  occurs, both of which are 
temperature-dependent. The f i r s t  is  a reversib le  reaction involving ‘so ften ing ’ 
of the m aterial, which is  governed by tem perature alone (and is  of g rea te r
p rac tica l significance for the majority of therm oplastics, which so ften  and flow 
at tem peratures below th a t a t which decomposition commences). The second
mechanism is  the irrev e rs ib le  degradation of a polymer by heat, and th is  is  both 
time- and temperature-dependent (while environment also  has an important 
influence). I t  is  th is  irrev e rs ib le  process tha t is  most often  implied when the 
thermal s ta b il i ty  of a polymer is  re fe rred  to. I t  is  of most p rac tica l 
importance fo r therm osetting m aterials (such as those studied  in the course of 
th is  work).
I t  is  only intended to  address thermal s ta b il i ty  in the course of th is  
discussion. The thermal s ta b i l i ty  was evaluated for the polymers produced within 
th is  study using dynamic TGA. I t was only intended as a guide to  the therm al
s ta b i l i ty  of the m aterial, as a thorough investigation  of th is  aspect would
e n ta il not only the measurement of th is  property, but a lso  isotherm al TGA 
measurements (made at several tem peratures, allowing the derivation  of 
degradation k inetics) and therm o-oxidative s ta b ilty  measurement. Thermo- 
oxidative s ta b il i ty  (i.e., degradation in an oxidizing atmosphere) was not
-  45  -
evaluated for the polymers (due mainly to  time constrain ts), but th is  is  a 
complex topic, involving many fac to rs, which is  tru ly  outside the scope of th is  
discussion.
(2.4.3.2) The Process o f  Thermal Decomposition
Pure thermal decomposition is  governed by bond streng th , but in p rac tice  
lower energy pathways may be available such as ion or rad ica l tra n s fe r  and
in te r-  or intra-m olecular reactions. Pure thermal decomposition involves:
(a) An in itia tio n  reaction, which may be of a random or specific  nature;
(b) A propagation reaction. Depolymerization may a ffec t e ith e r short or long
segments of the polymer chain;
(c) A term ination reaction. This may involve a l l  or any of f i r s t  order,
recombination, or d isproportionation steps;
(d) Chain tran sfe r reactions;
(e) V olatilization  of small chain fragments;
(f) Diffusion, which can a ffec t a l l  the above steps, (a) to  (e);
(N.B., degradation in an oxidizing atmosphere, which was not studied in the
course of th is  work adds fu rth e r complications although i t  is  re levan t to
s ta b il i ty  in a ir)
(2.4.3.3) Thermogravimetric Analysis: Method o f  Analysis and the In fluence o f
the Nature o f  the Sample
The various experimental techniques th a t have been used to  study the 
reversib le  and irrev e rs ib le  de terio ra tion  of polymers (broadly termed 
therm oanalytical methods) have been extensively review ed/35,52,2635 but 
thermogravimetry, being used exclusively in the course of th is  work, w ill be 
discussed in some depth. The technique of TGA o ffe rs  a number of advantages, 
the most important of which are i t s  sim plicity  and reproducib ility , the l a t t e r  
depending on very carefu l technique and good instrument design.
The analysis consists  of measurements of changes in sample mass made 
using a sensitive  thermobalance. This is  a combination of a su itab le  e lec tro n ic  
microbalance with a furnace and associated tem perature programmer. The balance 
is  in a su itab ly  enclosed system so th a t the atmosphere can be controlled. The
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sample is  placed in an in e rt holder (e.g., a platinum boat) in a stream  of 
nitrogen, a ir, or some other chosen medium. The sample may be subjected to  a 
tem perature-tim e programme by means of a surrounding furnace, and weight 
recorded as a function of tem perature and time. As discussed above, the method 
is  usefu l in assessing  tem perature and the ra te  of thermal decomposition under 
in e rt and aerobic conditions. Samples of a whole varie ty  of m aterials may be 
examined, and tem peratures approaching 1000 *C may be atta ined . The exten t of 
thermal polymerization or cross-linking  of condensation-type polymers may be 
assessed where v o la tile s  are lo s t during the condensation.
The method has the advantage tha t measurements may be made in a v a rie ty  
of atmospheres and th a t no p a rticu la r sample shape is  required -  powders may 
be used. Only re la tiv e ly  small (milligramme) q u an titie s  of m aterial are required. 
However, for comparable measurements, sim ilar q u an titie s  and sample forms are 
preferable. For although so lid  samples may be nominally of the same chemical 
composition, there  may be considerable d ifferences in th e ir  behaviour on heating. 
These d ifferences a rise  from s tru c tu ra l d ifferences in the solid, such as the 
defect content, the porosity  and the surface properties, which are dependent on 
the way in which the sample is  prepared and tre a ted  a f te r  preparation. For 
example very d iffe ren t behaviour w ill be generally  observed for single c ry s ta ls  
compared to  finely  ground powders of the same compound/?55 In addition to  the 
influence of defects on r e a c t iv i ty /355 the thermal p roperties of powders d if fe r  
markedly from the bulk m aterial. As the amount of sample used increases, severa l 
problems arise . The tem perature of the sample becomes non-uniform through slow 
heat tra n s fe r  and through e ith e r se lf-h ea tin g  or se lf-coo ling  as reaction  
occurs. Also exchange of gas with the surrounding atmosphere is  reduced. The 
fac to rs  may lead to  irreproducib ility . Even when the sample m ateria l is  
inhomogeneous and hence a la rger sample becomes desirable, the sample mass 
should be kept to  a minimum and rep lica tes  examined for rep roducib ility  i f  
necessary. Small sample masses also  pro tect the apparatus in the event of 
explosion or deflagration. The sample should be powdered where possib le and 
spread th in ly  and uniformly in the co n ta in e r/355
(2.4.3.5) Factors a ffe c tin g  Weight Loss
The weight loss re s u lts  obtained are considerably influenced by 
experimental parameters and also by the following fea tu res  of polymers 
themselves:
-  47 -
(a) Molecular weight. The e ffe c t depends upon whether in itia tio n  of breakdown 
is  p re fe ren tia lly  a t chain ends, or a t some s tru c tu ra l  ir re g u la r ity  (e.g., a 
weak link), or whether i t  occurs randomly along a chain. I t  a lso  depends on 
whether in itia tio n  is  followed by depolymerization of the polymer chain;
(b) Chain branching. Small numbers of branches have l i t t l e  e ffec t, but as the 
number increases the s ta b i l i ty  of the polymer decreases;
(c) Crosslinking. Again, small amounts of crosslinking have no measureable 
influence, but as the amount increases, the s ta b i l i ty  of the polymer 
increases  as a re su lt of the p ro tection  afforded by the dense network 
against d iffusion  processes;
(d) T acticity . This would appear to  have l i t t l e  e ffec t upon weight loss 
data,<52) but the evidence is  based upon re la tiv e ly  few re su lts ;
(e) C rystallin ity . The degree of c ry s ta llin ity  can influence therm o-oxidative 
s tab ility ;
(f) Trace im purities. These can be very dele terious indeed. Trace amounts (less 
than 1%) of some ca ta ly s ts  can promote depolymerization (see Section 
3.9.1);
(g) Change in chemical s tru c tu re  as degradation proceeds This can account for 
changes observed in the apparent overall ac tivation  energy for breakdown 
during the course of a reaction.
I t  must be s tre ssed  th a t the technique only measures processes involving 
conversion to, and elim ination from the system of, vo la tile s . As polymer 
degradation can be a very complex phenomenon with a number of sim ultaneous 
reactions taking place, i t  is  e sse n tia l fo r a fu ll  understanding of th e  process 
to  use a varie ty  of therm o-analytical techniques (and some controversy s t i l l  
e x is ts  for the mechanism of such well-known, simple polymers as polystyrene and 
poly (methy lmethacry la te). ‘52 J In prac tice  degradation usually concerns not only 
the e ffec t of heat on a polymer, but possibly with the superimposed influences 
of heat ligh t, moisture, s tre s s  and chemical attack.
(2A.3.6) Analyses performed in  the Course o f  th is  Work
The bis-maleimides (9, 10), aspartim ides i l l - 14, 15, 15s, 16-18) and ary l 
cyanate e s te rs  (4, 5, 21) in th e ir  purest obtained s ta te s  were polymerized in a 
d iffe re n tia l scanning calorim eter under nitrogen. The tem perature-tim e 
conditions used were specific  to  each polymer examined (see Section 2.2.5). In 
each case the m aterial was taken to  a selected  fin a l tem perature a t 10°C/minute,
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and held a t th a t tem perature for a 15 minute period. The sample was then 
quenched, removed from the pan, and finely  ground in a ba ll mill. The polymer 
samples ( -  8 ± 2 mg) were run on a thermogravimetric analyzer a t a heating 
ra te  of 2*C/minute under a nitrogen flow of 50 cm3/minute. The therm al 
s ta b i l i t ie s  of the various polymers under n itrogen are discussed in Sections 3.9, 
4.4, and 5.8.
Decomposition onset tem perature, T0, was selected  as the f i r s t  tem perature 
a t which the percentage of the s ta r tin g  weight had dropped below the steady 
value by a t le as t 1%. The f in a l tem perature a tta ined  by the instrum ent (the 
highest possible) was approximately 940 *C, but th is  does not occur on every 
occasion tha t the analysis is  performed. Consequently, the fin a l weight (char 
yield), Yc, was recorded a t the tem perature taken to  achieve a weight lo ss  of 
70% of the in i t ia l  weight (which allows some consistency). I t  has been noted by 
amongst o thers Barton (1975),<10) Critchley e t al. (1983)CE2) and Warner (1988)<25S> 
that both Te and Yc are subject to  qu ite  large e rro rs  depending on sample size, 
shape, division, homogeneity, gas flow ra te  and heating ra te . These are probably 
la rger fac to rs  contributing to  reproducib ility  than are instrum ent accuracy, and 
where possible these fac to rs  have been kept constant throughout the work.
The TGA traces depict in a l l  cases a single curve of percentage in i t ia l  
weight vs. temperature, and several composite TGA plo ts have been constructed 
to enable d irect comparison of m aterials containing sim ilar fea tu res. 
Temperature are rounded to  the nearest #C, weights to  the nearest %, and ra te s  
of weight loss to  0.1%/minute (the fu ll  weight loss data are tabu la ted  in each 
individual Section, Tables 3.4, 4.7, and 5.2, and the main fea tu res  in Table A.l, 
in the Appendix).
<2.4A )  Dynamic Mechanical Measurements
(2.4.4.1) The d iffe re n t Types o f  Mechanical Behaviour
I t is  d iff ic u lt to  c lass ify  polymers as p a rticu la r types of m ateria ls  such 
as glassy solid  or a viscous liquid, since th e ir  mechanical p ro p ertie s  are  so 
dependent on the conditions of te s tin g  (e.g., the ra te  of application  of load, 
temperature, amount of s tra in , e tc .) /25*5
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A polymer can show a l l  the fea tu res  of a glassy, b r i t t le  so lid  or an
e la s tic  rubber or a viscous liqu id  depending on the tem perature and time scale 
of measurement. Polymers are usually described as v iscoe lastic  m aterials, a
generic term which emphasises th e ir  interm ediate position between viscous
liquids and e la s tic  solids. At low tem peratures, or high frequencies of
measurement, a polymer may be g lass-lik e . At high tem peratures or low
frequencies, the same polymer may be rubber-like, w ithstanding large extensions 
without permanent deformation. At s t i l l  higher tem peratures, permanent
deformation occurs under load, and the polymer behaves like a highly viscous 
liquid. In an interm ediate tem perature or frequency range, commonly called  the 
g lass tran s itio n  range, the polymer is  n e ither g lassy  nor rubber-like. I t  shows 
an interm ediate modulus, is  v iscoe lastic  and may d issip a te  a considerable amount 
of energy on being stra ined . The g lass  tra n s itio n  m anifests i t s e l f  in severa l 
ways, for example by a d iscontinuity  in the volume coeffic ien t of expansion, 
which can be used to  define a g lass  tra n s itio n  tem perature, Tg. The g lass
tra n s itio n  tem perature is  cen tra l to  a g rea t deal of the mechanical behaviour of 
polymers, and has been measured by a varie ty  of techniques (e.g., DSC, DMTA, nmr, 
and d ie lec tr ic  analysis).
(2.4.4.2) Dynamic Mechanical Measurements: The Complex Modulus and Complex
The method of analysis employed in the course of th is  work to  examine 
creep and s tre s s  relaxation  was dynamic mechanical thermal analysis (DMTA).<35' 51) 
The way in which the technique operates is  to  subject the specimen to  an 
a lte rn a tin g  s tra in  and sim ultaneously measure the s tre ss . The derivation  of the 
formulae governing the mechanical behaviour of polymeric m ateria ls  is  ou tside 
the scope of th is  th esis , although a number of books have been w ritten  on the 
su b je c t/69,2S45 However, as values for the sto rage  and loss moduli, and tan6 w ill 
be quoted in th is  work i t  is  appropriate to  demonstrate how these  terms are 
re la ted  and th e ir  relevance to  the g lass  tra n s itio n  tem perature, Tg.
For linear v iscoe lastic  behaviour of a m aterial subjected to  s inuso idal 
s tre ss , when equilibrium is  reached, the s tre s s  and s tra in  w ill both vary 
sinusoidally, but the s tra in  lags behind the s tre ss . Thus we w rite:
Compliance
e = ^.sinrnt 
cr = cr0.sin(mt + 6)
(2 . 8 )  
(2. 9)
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where e is  s tra in , a  is  s tre ss , eQ and cre are peak s tra in  and s tre s s , is  the 
angular frequency and 6 is  the phase lag.
Expanding <7 = <70.sin6>t.cosS + <r0.cos<Bt.sinS we see th a t the s t r e s s  can be 
considered to  consist of two components: (i) of magnitude (cr0.cos5) in phase
with the s tra in ; (ii)  of magnitude (<j0.sinS) 90’ out of phase with the s tra in . 
The s tr e s s - s t r a in  re la tionsh ip  can therefo re  be defined by a quan tity  E' in 
phase with the s tra in  and by a quantity  E" which is  out of phase with the 
s tra in , i.e.,
where
Hence,
Figure 2.3. V ectorial reso lu tion  of components of complex modulus and compliance 
in sinusoidal shear deformations (E* = E' +iE" and tan5 = E'7E’>
( 2 . 1 2 ) 
(2. 13)
If  we w rite
e = e0.exp.imt, o = cr0.exp i(a>t + 6)
Then
a /e  = E* = (o0/e0).exp i6
cr = e0.E'.sinmt + e0.E".cos©t ( 2 . 10 )
E' = (a0/e0)cosS and E" = (o0/e0)sin6 <2 . 11 )
the modulus may be represented in the complex form shown in Figure 2.3:
E'
Stress
Strain
= E‘ + iE" (2. 14)
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The re a l part of the modulus E\ which is  in phase with the s tra in , is  
often  called the s to rage modulus because i t  defines the energy sto red  in the 
specimen due to  the applied s tra in . The imaginary part of the modulus E", which 
is  out of phase with the s tra in , defines the d issipation  of energy and is  often  
called the loss modulus. In most cases E" is  small compared with E\ IE*I is  
therefo re  approximately equal to  EV |E*| is  sometimes loosely re fe rred  to  as 
the ‘modulus* E. I t  is  customary to  define the dynamic mechanical behaviour in 
terms of the ‘modulus’ E-E\ and the phase angle 6 or often  tan6 = E'7E‘. To a 
good approximation 6 = tanS when the loss modulus E" is  small.
(2.4.4.3) Relaxation Transitions in  Amorphous Polymers: Some General Features
Amorphous polymers (such as those studied in the course of th is  work) may 
display a number of re laxation  tra n s itio n s  as a function of tem perature. I t  is  
customary to  label re laxation  tra n s itio n s  in polymers in alphabetical order a, £, 
y, 5, etc., with decreasing tem perature, irresp ec tiv e  of th e ir  molecular origin. 
The v iscoe lastic  re laxations of polymers can be iden tified  with molecular 
motions by using techniques such as nmr spectroscopy and d ie le c tr ic  
measurements. C rystalline polymers yield complex mechanical behaviour which is  
too g rea t a topic to  warrant only passing discussion in th is  th e s is  which 
concerns largely  amorphous polymers. The reader is  therefo re  d irec ted  to  the 
discussion by Ward (Ref. 254) or Ferry (Ref. 69) for fu rth e r information.
The high tem perature tran s itio n , the g lass  tran sitio n , is  associated  with 
the onset of main-chain segmental motion, and the secondary tra n s itio n s  may be 
assigned to  (1) motion of side groups (which are usually well authenticated); 
and (2) re s tr ic te d  motion of the main chain or end-group motions (which are 
usually le ss  well authenticated).
The e ffec t of chemical s tru c tu re  on the g lass  tra n s itio n  is  a fea tu re  of 
polymer behaviour which has been in tensively  studied because of i t s  importance 
in influencing the choice of polymers for usefu l applications. Much of our 
knowledge is  of an em pirical nature, due prim arily to  the d if f ic u lty  of 
separating the intram olecular and interm olecular e ffec ts . In sp ite  of th is  some 
g en era litie s  can be cited. The presence of flex ib le  groups such as an e th e r link 
w ill make the main chain more flex ib le  and reduce the g lass  tra n s itio n  
temperature, whereas the in troduction of an in flex ib le  group w ill increase  the 
g lass tran s itio n  temperature. I t  is  generally  tru e  th a t bulky, in flex ib le  side
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groups increase the tem perature of the g lass  tran sitio n . There is  a lso  a 
d ifference between the e ffec t of rig id  and flex ib le  side groups. When the 
f le x ib ili ty  of the molecule is  reduced the tra n s itio n  tem perature is  markedly 
increased; in an analogous manner, increasing the length of the side groups 
reduces the tem perature of the main tran sitio n . This can a lso  be understood as 
increasing the free  volume a t any tem perature. The g lass tra n s itio n  tem perature 
increases with increasing main-chain polarity : the associated reduction in the 
main-chain mobility is  presumed to  be due to  the increase in interm olecular 
forces.
Molecular weight does not g rea tly  a ffec t the dynamic mechanical p roperties  
of polymers in the g lassy low tem perature s ta te , although a t low molecular 
weight, the g lass  tra n s itio n  tem perature, Tg, is  a ffected  by molecular weight. 
This is  usually explained'2545 on the basis th a t the chain ends, by reducing the 
proximity of molecular packing, introduce ex tra  free  volume, and hence lower Tg. 
Molecular weight has a very large e ffec t in the g lass tra n s itio n  range, 
transform ing the behaviour from viscous flow to  a plateau range of rubber-like  
behaviour with increasing molecular weight. The explanation of th is  behaviour is  
tha t chain entanglements prevent irrev e rs ib le  flow. Chemical cross-link ing  ra ise s  
the tem perature of the g lass tra n s itio n  and broadens the tra n s itio n  reg ion '2545, 
and in very highly cross-linked m aterials no g lass  tra n s itio n  is  observed. This 
behaviour can again be in te rp re ted  on the basis of changes in free  volume.
Chemical cross-linking, by bridging adjacent chains in close proximity, reduces 
the free  volume and hence ra ise s  Tg. Typical data on a highly cross-linked  
m aterial such as Ms-maleimide resin s show th a t cross-linking  has l i t t l e  e ffec t 
on the modulus of a polymer below Tg (i.e., a t tem peratures well below the
damping peak, where the m aterial is  rigid). However, a t tem peratures above the
damping peak, the modulus is  strongly  dependent upon the ex tent of cro ss-
linking. The increase in modulus is  much more than th a t which the k ine tic  theory 
of rubber would predict.
In addition to  the changes in modulus a t high tem peratures i t  is  also
observed th a t the damping peak (which is  associated  with the g lass  tra n s itio n
region) is  sh ifted  to  higher tem peratures and is  g rea tly  broadened as cross-
linking increases. Nielsen reported in 1969' 1795 th a t i t  is  not known whether 
th is  broadening is  inherently due to  cross-link ing  or i f  i t  is  due to
heterogeneity  in the cross-linked s tru c tu re . Possibly, i f  th e re  were no 
d is trib u tio n  in the lengths of chains between cross-links, the tra n s itio n  region
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would remain fa ir ly  sharp as i t  does in a lin ea r polym er/1791 In some highly 
cross-linked systems the tra n s itio n  region occurs a t so high a tem perature th a t 
decomposition of the polymer occurs before i t  is  observed.
The mechanical p roperties of blends and g ra ft polymers are determined 
prim arily by the mutual so lu b ility  of the two homopolymers. If  two polymers are 
completely soluble in one another the properties of the mixture are nearly the 
same as those of a random copolymer of the same composition. A th eo re tic a l 
in te rp re ta tio n  of the g lass  tra n s itio n  tem peratures of copolymers has been 
given on the basis of the ideas of free  volume. The g lass  tra n s itio n  can be 
considered to  occur a t a constant value of the free  volume. Mandelkern e t 
ajciss3 an(j Fox<711 derived a re la tionsh ip  which p red ic ts  the g lass  tra n s itio n  
tem perature for such an ideal copolymer based on the weight frac tio n s  of the 
component comonomers. Others (e.g., Di Marzio and Gibbs )c 621 argue from an 
entropy-based theory th a t Tg is  proportional to  the mole frac tion  of ro ta tab le  
bonds of the Tg's  of the separa te ly  polymerized comonomers. I f  the two polymers 
in a mixture are insoluble they ex ist as two separate  phases and two g lass  
tran s itio n s  are observed instead of one.
(2.4.5) Introduction to  Dynamic Mechanical Thermal Analysis (DMTA)
In th is  technique*35,511 the sample, which usually  takes the form of a th in  
rectangular beam of resin , is  secured between one or two clamps. The cen tra l 
point of the slab is  v ibrated sinusoidally  by the drive clamp on the end of a 
ceramic drive shaft. The s tre s s  experienced by the sample is  proportional to  the 
current supplied to  the v ib ra to r and the s tra in , which is  proportional to  the 
sample displacement, is  monitored by the transducer. The phase lag between the 
application of s tre s s  and consequent s tra in  is  a measure of the energy 
d issipation  (damping) of the sample. The data output of the DMTA instrum ent are 
hence p lo ts of moduli (E1, E") and of damping (tan 6) as functions of
temperature. I t  has been shown<3S1 th a t rep roducib ility  depends on a number of 
fac to rs  including the geometry of the sample; consisten t mounting of the sample 
in the clamps; a constant gas (nitrogen in the course of th is  work) flow ra te ; 
and the position of the thermocouple in re la tio n  to  the sample.
Typical dynamic behaviour of polymers as a function of tem perature may be 
described in the following way. At low frequencies of vibration, e.g., 1 Hz or
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less, the damping peak and the d ra s tic  drop in the modulus occur a t about the
same tem perature as the g lass  tran sitio n . The damping peak is  sh ifted  to  higher
tem peratures as the te s t  frequency is  increased; typ ica l re su lts  reported are 
about 7*C for each fa c to r-o f- ten  increase in the frequency*1791 although the
exact values depend on molecular s tru c tu re . Hence, for the data reported in th is  
study (obtained a t a fixed te s t  frequency of 10 Hz) the actua l g lass  tra n s itio n  
tem perature (Tg) should s t r ic t ly  be taken as about 7 ’C below th a t quoted.
The assignment of Tg presen ts a problem as the g lass  tra n s itio n  is  a
tem perature range within which large-range molecular motion is  activated  with 
increasing temperature. In a dynamic mechanical experiment several 
ch arac te ris tic  tem peratures in the tra n s itio n  region may be a rb itra r i ly  defined 
as Tg. These include the onset tem perature of the c h a rac te ris tic  f a l l  in 
modulus, the in flec tion  tem perature of the f a l l  in modulus, the onset 
tem perature of the ch a rac te ris tic  damping peak and the tem perature a t maximum 
damping. In the current work, i t  was decided to  assign Tg to  the tem perature at 
maximum damping for a l l  of the samples as a working defin ition.
(2.5) Characterization Methods
(2.5.1) Basis o f  Fourier Transform Infrared Spectroscopy (FT-IR)
The Fourier transform  in frared  spectrom eter provides speed and se n s itiv ity  
in making in frared  measurements. For the purpose of th is  b rie f discussion 
outlin ing the technique, i t  is  su ffic ie n t to  recognize the basic d ifferences 
between FT-IR and c la ss ica l d ispersive in frared  spectroscopy.
A dispersive instrum ent u tiliz e s  a prism or g ra ting  to  geom etrically 
d isperse the infrared  rad iation . Using a scanning mechanism, the dispersed 
rad ia tion  is  passed over a s l i t  system which iso la te s  a narrow frequency range 
fa lling  on the detector. In th is  manner, by using a scanning mechanism the 
spectrum (i.e., the energy transm itted  through a sample as a function of 
frequency) is  obtained. The dispersive method is  lim ited in s ig n a l-to -n o ise  ra tio  
because most of the source energy is  not u tiliz ed  (i.e., i t  does not f a l l  on the 
open s l i ts ) .  Using dispersive techniques, 90% of the energy from the source is  
lo st because of the optics of the system. Using an in terferom eter and Fourier 
transform  techniques, a l l  of the source energy is  being u tilized  during a l l  of
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the measurement time. In th is  manner, the s ig n a l-to -n o ise  ra tio  and sen s itiv ity  
of FT-IR is  much higher compared to  d ispersive in frared  spectroscopy. A 
fundamental advantage is  realized  as the in terferom eter ‘scans* the in frared  
spectrum -  in frac tions of a second a t moderate resolution, a reso lu tion  which 
is  constant throughout i t s  o p tica l range. These ‘scans' can be co-added tens, 
hundreds, or thousands of times. Co-addition of interferogram s reduces the 
background noise of the in frared  spectrum dram atically. FT-IR does however, have 
some inherent disadvantages. One of the most important is  th a t the raw data, an 
interferogram , is  for a l l  p rac tica l purposes un in te llig ib le  to  the an a ly s t’s eye. 
Consequently a computer is  required to  tra n s la te  the raw data in to  in te rp re tab le  
data.
All of the usual sampling techniques (e.g., KBr p e lle ts , th in  films, liquid -  
so lution -  samples, or mulls, etc.) used in in frared  spectroscopy can be used 
with FT-IR instrum entation. I t  should be remembered th a t the most desirable 
sample is  one producing the highest s ig n a l-to -n o ise  ra tio  ra th e r  than the 
highest signal. Furthermore, a linear op tica l signal requires th a t the in frared  
sample have no residual o rien tation , no voids nor holes, and a uniform 
d is trib u tio n  of the m aterial. Careful control of the sample preparation 
procedure must be achieved in order tha t reproducible samples are obtained for 
the infrared  examination. As the technique does not require samples to  be in 
solution, thermoset re s in s  may be easily  examined, and heated sample ce lls  are 
available for modern instrum ents which may a tta in  tem peratures of up to  250 *C 
or g rea te r allow curing reactions to  be monitored. A lternatively  pre-cured 
samples may be examined, and b is-maleimides,'1183 aspartim ides'81' 2383 and cyanate 
e s te r s '18,107,2133 have been studied in th is  manner with some success, in some 
cases '1883 yielding kinetic  data.
By means of the technique of FT-IR spectroscopy i t  is  possible to  obtain
relevant information concerning both the id en tity  of a molecule and i t s
s tru c tu re . In polymer chemistry some of the fu rth e r determ inations th a t can be 
made are: (a) Average molecular weight of the sample; (b) Occurrence of
branching; (c) Analysis of degradation products and the mechanisms of
degradation.
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(2.5.2) High Resolution Nuclear Magnetic (nmr) Spectroscopy
Many nuclei such as XH, 13C, and 15N possess a magnetic dipole
moment/60, ,47' 148' 2013 When a sample containing such nuclei is  placed in a
magnetic fie ld  H, the nuclei behave as ‘nuclear magnets’ and align themselves in 
p a rticu la r o rien ta tions. The energy difference between these o rien ta tio n s  is  
YhH/271, where y is  the gyromagnetic ra tio  of the nucleus (the  p roportionality  
constant which re la te s  the observation frequency for a p a rticu la r nucleus to  the 
applied field), h is  Planck’s constant, and H is  the magnetic fie ld  s treng th . Once 
generated, the magnetization induced in the sample by the applied s ta t ic
magnetic fie ld  can be perturbed (to induce tra n s itio n s  between these
orien ta tions) by a second fie ld  which is  o sc illa tin g  a t an appropriate  radio 
frequency v = yH/2tt.
If  the system is  then disturbed from equilibrium with a pulse of 
electrom agnetic rad iation  of th is  frequency, absorption of energy w ill occur,
re su ltin g  in a tran s itio n  to  a new energy s ta te . Nuclei which have d iffe ren t 
chemical environments w ill undergo tran s itio n s  a t d iffe ren t frequencies. In the 
pulsed experiment the response of the system as i t  relaxes back towards 
equilibrium is  observed, and a plot of frequency versus in ten sity  of rad ia tion  
re su lts  in the nmr spectrum of a m aterial. In terac tions between nearby 
magnetically nonequivalent nuclei re su lt in m ultiple absorption peaks fo r the 
p a rticu la r nucleus affected . The number of peaks observed and the spacing
between them varies in a predicted manner and is  re fe rred  to as the sp in -sp in
s p littin g  pattern . Both the frequency of the tran s itio n , re fe rred  to  as the
chemical sh if t, and the sp in-spin  sp li t t in g  p a tte rn s  are usefu l for determining 
the molecular s tru c tu re  of compounds. A th ird  important fea tu re  of nmr sp ec tra  
is  th a t the re la tiv e  areas generated by the various nuclei are proportional to  
the number of nuclei giving r is e  to  the nmr signal. In the present work 1H, 13C, 
and 1SN nmr experiments have been of g rea t value in charac te riza tion  and 
analysis of compounds and interm ediates.
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(3.1) Introduction to Bis-maleimide Resins
A fu ll  discussion of the chemistry and p roperties of bis-maleimide 
monomers and homopolymers is  outside the scope of th is  th esis . The f ie ld  is  
already very wide and diverse, and has been extensively reviewed by many 
a u th o rs /52' 104' 142,2275 However, some discussion is  necessary in order to  put the 
current work in context, for the eventual aim of the research (see Section 1.5) 
is  to  achieve the enhancement of bis-maleimide p roperties by modification with 
reactive  comonomers. In order to  achieve th is  aim two approaches were adopted, 
and each is  discussed separately  in some d e ta il (see Sections 3.5 and 5). 
In itia lly , a c lass ica l approach to  bis-maleimide toughening was adopted by co­
reaction  with a reactive  nucleophile (a diamine) re su ltin g  in chain extension 
and consequently a reduction in c ross-link  density. In the second approach the 
m aterials produced from th is  synthetic  programme were copolymerized with other 
functional monomers (.e.g., a lly l-su b s titu te d  a ry l cyanate e s te rs )  to  produce 
toughened networks comprising in te rpenetra ting  networks.
f?is-maleimides are a leading c lass of therm osetting polyimides. These 
polymers are prime candidates as m atrix res in s  for fib re-re in fo rced  composites 
and are finding increasing acceptance as engineering m aterials fo r high 
performance s tru c tu ra l applications. Low-molecular weight, bis-imide prepolymers, 
end-capped with reactive  maleimide rings, are cured by a therm ally-induced 
polymerization to  give highly cross-linked, vo id-free  network polymers having 
good physical properties, thermal s ta b ility , b e tte r  f ire  res is tan ce  and lower 
water absorption than curren tly  used epoxy resins. Their excellent 
processability  and balance of thermal and mechanical p roperties have made them 
extremely popular in advanced composites and e le c tro n ic s /52,104' 142,2275
However, there  are problems with bis-maleimide-type resins: they are high 
modulus, low s treng th  m aterials with a very low elongation-at-break . This is  due 
to  the high c ross-link  density and aromatic nature of bis-maleimides. The 
monomers generally have high melting points and high curing tem peratures, and 
the prepregs re ta in  traces  of solvent. A large number of s tru c tu ra l  
modifications can be made to  improve the p roperties of bis-m aleim ides/224"2335 
These include:
(a) The use of various diamine precursors having d iffe ren t s tru c tu re s  fo r the
synthesis of bis-maleimides. A great number of bis-maleimides have now
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been synthesized, and comme rc ia lly -  available resin  form ulations are of low 
molecular weight and based on cheap aromatic amines. Melting points are 
qu ite  variable depending on s t ru c tu re /2615
(b) Nucleophilic addition reactions with bis-maleimides. The double bond of the
maleimide group is  re la tiv e ly  electron  defic ien t, due to  the close
proximity of the two adjacent carbonyl groups. These may be regarded as
both inductively and mesomerically e lectron  withdrawing. For th is  reason
the maleimide double bond is  suscep tib le  to  a ttack  by nucleophiles, a 
reaction  which has been studied in some d e ta i l /53*545 The double bond is  
susceptib le  to  a number of o ther bimolecular reactions such as the D iels- 
Alder cycloaddition/405 Such a modification improves p rocessab ility  and 
so lu b ility  and reduces the melting point and inherent b r it tle n e s s  of the 
b is-maleimide resins.
(c) Co-reaction of bis-maleimides with o ther thermostable, reac tive  monomers 
(e.g., epoxy, vinyl e s te r, etc.) can combine the good p roperties  of both the 
res in s  with lowering of the required cure temperature.
(3.2) Syn thesis o f  Bis-maleimides and Diamine Precursor
(3.2.1) Bis-4-(3-aminophenoxy)phenylsulphone (8)
The crude m aterial was synthesized in W-methylpyrrolidinone, an ap ro tic  
solvent, by nucleophilic su b s titu tio n  of fluoride by m-aminophenoxide ions under 
nitrogen. At a l l  s tages hot so lu tions were manipulated under a n itrogen  blanket 
as the admission of oxygen in to  the reaction  flask  had been observed to  cause 
immediate darkening of the diamine so lution re su ltin g  in an in trac tab le  t a r / 2555 
The nucleophilic su b stitu tio n  is  activated  by the electron-w ithdraw ing sulphone 
group, and special care was required during th is  s tep  as aminophenoxide s a l t s  
are highly oxygen s e n s i t iv e /138,2055 a phenol excess was used to  help counteract 
th is  oxidation. This phenol excess (over the the a lk a li content) prevents removal 
of amino protons from the aminophenoxide, which would otherw ise enable 
nucleophilic a ttack  by the reactive  nitrogen centre. This would in tu rn  re s u lt  in 
the formation of a secondary amine linkage in the chain in place of the desired  
e th e r /2055
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The crude product (6) had been e a r lie r  found to  be u n rec ry sta llizab le .'2555 
A brown ta rry  m aterial p rec ip ita ted  on cooling hot, sa tu ra ted  so lu tions in 
ethanol under nitrogen. A procedure for p re-purify ing  the crude m ateria l was 
used th a t had been used previously '2555 with some success. The pu rifica tio n  was 
performed in batches as follows: the crude diamine was dissolved in d ilu te  
hydrochloric acid forming an aqueous so lu tion  of the dihydrochloride. The 
aqueous so lution was boiled with activated  charcoal and ash less flock to  adsorb 
any im purities. A fter th is  operation the m aterial was subsequently 
rec ry sta llizab le  under nitrogen. A portion of the m aterial s e tt le d  out as a ta r, 
another as p la te le t c ry ta ls  which were decanted o ff into a Buchner funnel, and 
iso la ted  by vacuum f il tra tio n . The rec ry s ta lliza tio n  was repeated u n til  no 
fu rth er c ry s ta ls  could be obtained from the ta r  -  re su ltin g  in a respectable 
yield 98.55g (75.99%) of the desired product.
(3.2.2) Bis-maleimide Syntheses
The Ms-maleimides were prepared by a syn thetic  rou te  based on th a t f i r s t  
reported by S earle ,'2075 and subsequently modified,'26' 535 involving the reaction  of 
an aromatic diamine with maleic anhydride to  form the bis-maleamic acid with 
subsequent cyclization to  the b is-maleimide. The maleamic acid is  produced 
spontaneously on carefu l mixing of cooled so lu tions of the appropriate amine 
and maleic anhydride. If  the amic acid is  iso la ted  then Searle’s method may be 
used to  cyclodehydrate i t  to  the imide. The method involves heating the amic 
acid a t 90*C for one hour in acetic  anhydride, which ac ts  as a dehydrating 
agent, in the presence of sodium acetate , the isom erization ca ta ly st.
However, for Ms-maleimides such as (9) for which the in term ediate bis- 
amic acid is  not su ffic ien tly  soluble in ace tic  anhydride alone, i t  had been 
found'2555 th a t le ss  vigorous conditions were required  when fyN1- 
dimethylformamide (DMF) was used as a solvent in addition to  the ace tic  
anhydride and sodium ace ta te  of S earle’s method, The amic acid was produced by 
controlled mixing of cooled so lu tions of two molar equivalents of maleic 
anhydride and one molar equivalent of the diamine precursor (in th is  case the 
commercial product bis- (4-aminophenyl)ether, or DDM) in DMF. The ace tic  anhydride 
and sodium ace ta te  were then added, and heating of the reaction  mixture a t 
tem peratures of 55 *C over one hour to  e ffec t dehydration gave a crude product 
in reasonable yield.
-  61 -
The crude m aterial was subsequently purified  in small <- 5 g) batches 
using column chromatography techniques (see Section 2.2.16) to  yield products 
th a t analyzed correctly  for C, H, and N. In the case of the commercial bis- 
maleimide, bis(4-maleimidophenyl)methane (10), the crude 95% product melting a t 
(156-158)*C was purified  by passing a so lu tion  in dichloromethane through a 
n eu tra l alumina column followed by re c ry s ta lliza tio n  from methylethylketone 
(MEK). The dull mustard-yellow powder s ta r tin g  product yielded a b right yellow 
cry sta llin e  m aterial. The product was te sted  for pu rity  by m icroanalysis, melting 
point, analy tica l HPLC and dynamic DSC. The removal of the dark pigment, r is e  in 
melting point, correct microanalysis, and favourable HPLC analysis (- 100%) are 
a l l  indicative of the successfu l pu rifica tion  of the b is-maleimide. Furthermore, 
the novel thermal behaviour associated  with pure b is-maleimides*14-16,255 5 (see 
Section 3.4 and Figure 3.1) was a lso  observed.
(3.3) Spectral Features o f  Bis-maleimides
(3.3.1) FT-IR Spectra
The in frared  spectra  of bis-maleimides have a number of fea tu re s  in 
common/29,61 *1185 aside from specific  bands ch a rac te ris tic  to  p a rticu la r 
functional groups su b s titu ted  in to  the molecule. Furthermore none of the b is- 
maleimides employed in the course of th is  research are novel, and have already 
been well characterized e lsew here/2555 In a l l  cases, the bis-maleimides studied  
contained aromatic rings bridged by various a lipha tic  or heteroatom ic linkages, 
Therefore, in each FT-IR spectrum of the monomer there  are weak s ignals  around 
3465 due to  harmonics of v(C=0) s tre tch ing . There are also weak signals  in the 
region of 3000 cm-1 due to  the presence of both aromatic v(C-H) s tre tch in g  
signals and o lefin ic  v(=C-H) s tre tc h  (from the maleimide double bond). The 
carbonyl group v(C=0) in phase vibration exh ib its  a weak absorption a t 1770
cm-1 while the v(C=0) ou t-of-phase v ibration re su lts  in a very strong
absorption aris ing  a t 1705 cm-1. Aromatic C—C sk e le ta l s tre tch in g  re s u lts  in 
the ch arac te ris tic  group of four bands between 1650 and 1450 cm-1 (of which 
those near 1600 cm-1 and 1500 cm-1 are highly ch a rac te ris tic  of the aromatic 
ring i ts e lf ) . Very strong absorptions are observed a t 1395, 1377 and 1149 cm-1 
due to  the v(C-N-C) s tre tc h  of the maleimide.
In the case of arylethersulphone (PES-type) bis-maleimides used in th is
work (see Scheme 1 for s tru c tu re ), the S=0 s tre tch in g  bands are very in tense
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and a rise  between 1160-1120 cm-1 and 1350-1300 cm-1. Sim ilarly the presence of 
ary l e ther linkages, present in th ree  of the bis-maleimides, is  revealed by the 
strong absorption bands between 1270-1230 cm-1 and 1150-1060 cm-1 (the second 
band has been suggested as being due to  the CH2-0 -  v ib ra tio n )/291 Finally, the 
aromatic groups also  produce c h a rac te ris tic  strong  absorption sig n a ls  in the 
region 1000-650 cm-1 due to  the ou t-o f-p lane  deformation v ibra tions of the 
hydrogen atoms remaining on the ring (the number and p a tte rn  of the
su b stitu tio n  within an aromatic ring almost wholly determines the position  of 
these bands). The bis-maleimide homopolymers yield FT-IR spectra  th a t are very 
sim ilar in appearance to  the monomer, but with s lig h t absorptions a t -  
2925 cm-1 consisten t with the appearance sa tu ra ted  C-H on polymerization.
(3.3.2) Nmr Spectra
For each of the b is -maleimide monomers employed in the course of th is  
research, a l l  displayed an in tense s in g le t resonating at 7.20 ppm in th e ir  300 
MHz nmr spectrum. This chemical sh if t  is  ch a rac te ris tic  of the unsaturated  
maleimide =C-H protons, and is  probably of the g rea te s t sing le  use for
diagnostic purposes. In many cases th is  s ignal is  positioned within a complex 
se t of aromatic signals (particu larly  in the case of the PES-type bis-maleimides 
containing four aromatic rings in th e ir  s tru c tu re ), but is  usually  easily  
d iscernible due to  i t s  in tensity .
Similarly, in the 13C nmr spectrum of sym m etrically-substitu ted  bis- 
maleimides the carbonyl carbons have ch a rac te ris tic  chemical s h if ts  of -  170
ppm, while the o lefin ic  carbons of the maleimide group resonate a t -  130 ppm. 
Asymmetry in the maleimide ring  (such as th a t observed by Barton e t  a l / 13*2551 
for the mixed citraconim ide/itaconim ide impurity, or in the propenylphenyl adduct 
postu lated  in Section 5.5) causes the carbonyl carbons to  be non-equivalent, 
re su ltin g  in d iffe ren t chemical sh if ts .
(3.4) Thermal Properties o f  Bis-maleimides
A large number of stud ies  of m icroanalytically-pure bis-maleimides (with 
d iffe ren t s tru c tu re s) report sim ilar thermal behaviour. As has already been 
mentioned, with few exceptions, bis-maleimides are re la tiv e ly  high melting,
c ry sta llin e  solids. For those monomers with a melting point above 150 *C, the 
thermal behaviour is  largely  determined by th is  tem pera tu re /222' 2611 The b is-
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maleimide is  unable to  polymerize u n til fusion has occurred, and so a t the 
melting tem perature the sharp c ry sta llin e  melt endotherm is  rapidly followed by 
a d iffu se  polymerization exotherm (which typ ically  spans -  170-350*0.
In a recent study Barton e t  a l <,4-16} reported enthalpies for the therm ally- 
induced polymerization of a number of bis-maleimides, bis-citraconim ides (and 
bis-nadimides). In the case of the HPLC-pure bis-maleimides DSC thermograms 
were obtained which displayed a sharp c ry s ta llin e  melt endotherm, followed by 
the onset of a very sharp polymerization exotherm (spanning -  30/50*C)
immediately a f te r  melting. I t  was demonstrated th a t the thermal behavior of b is- 
maleimides is  also  extremely sen s itiv e  to  the presence of traces  of im purities.
A number of bis-maleimides were analyzed by 
dynamic and isotherm al DSC, and i t  was found th a t for four ary l bis-maleimides 
im purities (of the order of 0.6% by HPLC) increase the tem perature a t which
thermal polymerization s ta r ts ,  increasing the tem perature gap between fusion and 
the s ta r t  of the cure reaction.
In the case of bis-citraconim ides the s itu a tio n  is  more complex as
im purities reduced the polymerization tem perature for one of the isomers
studied to  a tem perature below th a t of the corresponding bis-maleimide, while 
leaving the other largely  unaffected. This unexpected rev e rsa l in re a c tiv ity  
(which has been previously noted in the l i te ra tu re ) '2*0,2441 was a ttr ib u te d  to  the 
presence of a mixed itaconim ide/citraconim ide impurity iso la ted  by Barton e t  
a i / 13,2551 from the reactive  crude citraconimide.
Another in te re s tin g  obeservation was made in th is  study. As outlined above, 
bis-maleimides with melting points g rea te r than 150*C s ta r t  to  polymerize upon
fusion and i f  polymerization is  fa s t a t th is  tem perature then the melting
endotherm cannot be resolved from the polymerization exotherm which appears as
a sharp peak on the scan (see Figure 3.1 which depicts the behaviour of both
crude and pure bis-(4-maleimidophenyl)methane, and a cha in- ext ended aspartim ide
He
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Figure 3.1 Composite plot o f scanning DSC thermograms of pure and crude BMI 
(10) and aspartimide (15) at lO'C/minute under nitrogen.
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adduct). A se ries  of four bis-maleimides (containing both fou r-ring  PES-type 
residues and shorter commercial m aterials) were analyzed by dynamic DSC, and in 
each case pure m aterials ( > 99.9% by HPLC) showed a sharp exothermic peak 
corresponding to  polymerization, superimposed on the melting endotherm. The 
occurrence of the polymerization reaction was confirmed by using FT-IR 
measurements (see Section 3.3.1). Upon completion of polymerization (at -  240*C) 
a second, much more d iffu se  exotherm. commenced a t about 275 *C and continued 
up to  375 *C. FT-IR measurements made on variously-quenched m ateria ls  at 
d iffe ren t s tages of reaction  displayed s ig n ifican t changes in th e ir  sp ec tra  at 
2925 cm-1 (a ttrib u ted  to  sa tu ra ted  C-H s tre tch ) and 3100 cm-1 (unsaturated  and 
aromatic C-H bonds). Furthermore, absorption between 1190 and 1200 cm-1 had 
increased to  give a broad band in the region associated with the C-N-C 
vibrations in succinim ides/29' 61,190,238) indicating the appearence of succinimide 
rings d iffe ren t in s tru c tu re  from those introduced via the polymerizations.
The DSC scans for impure samples of the bis-maleimides did not show a 
second process, although th is  could be because these peaks are covered by those 
due to  the polymerization exotherms which are more d iffuse, in the impure 
m aterials, and occur a t higher tem peratures than the corresponding peaks found 
in the scans for the pure monomers.
In general bis-maleimide res in s  display a thermal s ta b i l i ty  which is  
g rea te r than f i r s t  and second generation epoxy res in s  (which make up the bulk 
of currently-used s tru c tu ra l composite m atrices) and the following order of 
s ta b il i ty  is  observed:
epoxy-based res in s  < cyanate e s te r  re s in s  < bis-maleimide re s in s  < fu lly  
aromatic polyim ide/heterocyclic ring-containing polymers.
A disadvantage of bis-maleimide re s in s  which is  discussed a t g rea te r 
length la te r  in the tex t is  due to  the overlap of polymerization with 
degradation a t high conversion. Hence, while i t  is  necessary to  employ high cure 
tem peratures to  produce higher conversion values (bis-maleimides have been 
demonstrated to  undergo incomplete cu re )'14-16' 1181 ultim ate (fu ll) cure is  not 
possible due to  the proximity of the degradation onset temperature.
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(3.5) Introduction to  Maleimide-endcapped Addition Polyimides, and Related  
Polymers
As described above, monomeric bis-maleimides tend to  be re la tiv e ly  high 
melting so lids which are apt to  undergo polymerization almost immediately upon 
melting,C222) see Section 3.4, and as such are extremely d iff ic u lt to  process. The 
discussion of the s tru c tu re  and general p roperties of bis-maleimides s ta ted  th a t 
cross-linking  could be achieved via rou tes which do not produce v o la tile  by­
products because of addition cure through the highly reactive  maleimide double 
bonds. Bis-maleimides which have v iscosity  ch arac te ris tic s  akin to  epoxy re s in s  
coupled with reasonable cure cycles should be processable in a manner like 
epoxy resins. Various methods have been used to  achieve th is  objective, which 
forms the basis for the present in te re s t in bis-maleimides.
One method for achieving processable bis-maleimides re la te s  to  the use of 
the Michael addition reaction  (see Figure 3.2). With th is  procedure, the reaction  
occurs to  a su ffic ien t stage  so th a t c ross-link ing  is  minimized, but so th a t the 
bis-maleimide oligomer can be processed. Kerimid 601 manufactured by Rh6ne- 
Poulenc<6> is  such a resin , obtained by the reaction  of b is i 4-
maleimidophenyl)methane and diaminodiphenylmethane.
(3.5.1) H istorical Perspective
Crivelloc53> f i r s t  applied the amine-maleimide reaction  to  the syn thesis  of 
high molecular weight linear poly (aspartim ides). The reaction  was carried  out 
using equimolar q u an titie s  of bis-maleimide and diamine in cresol, with sm all 
amounts of ace tic  acid as ca ta ly st. Crivello found th a t the reaction  was 
catalyzed by weak protonic acids, but not by strong acids nor bases, and the 
ra te  was enhanced in polar media. This led Crivello to  propose a reaction  
mechanism for the s tep  growth addition, and th is  is  depicted in Figure 3.2). The 
Michael addition is  a specific  example of a nucleophilic addition to  oc,£- 
unsaturated carbonyl compounds (of which a maleimide is  a specia l case). The 
close proximity of the powerfully electron-w ithdraw ing carbonyl groups to  the 
maleimide double bond ac tiv a tes  the carbon-carbon double bond towards reagen ts  
th a t are electron rich and as a re su lt, the maleimide carbon-carbon double bond 
is  susceptib le  to  nucleophilic attack. The Michael addition is  believed*533 to  
take place in the following manner: The nucleophilic reagent (the amine or 
diamine) adds (step 1) to  the carbon-carbon double bond to yield the hybrid
Ar— NH
A
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anion I, which is  thought to  ex is t as a resonance-stab ilized  pair. The e lec tro n - 
withdrawing carbonyl group s tab iliz e s  the tra n s itio n  s ta te  by partly  
accommodating the developing negative charge, in a d isp ersa l of the charge. The 
interm ediate ion then elim inates (step 2) a hydrogen ion (regenerating the weak 
protonic acid ca ta ly s t) to  yield the f in a l product: the Michael adduct.
A k inetic  study was performed by Crivello using W-phenylmaleimide and 
aniline as a model system, and the reaction  was found to  obey second order 
k inetics. Crivello (1973)CS3) synthesized not only simple adducts of various 
amines and diamines with W-phenylmaleimide, but also  a va rie ty  of 
poly (aspartim ides) based on the diamines diamipodiphenylmethane and 
diaminodiphenylether (and th e ir  corresponding b is -maleimides). The microanalyses 
indicated th a t the polymers had been produced in high purity , and the products 
were amorphous, high softening, pale yellow solids. These polymers were soluble 
in a lim ited number of solvents only (e.g., phenolic solvents, DMF, and amide 
solvents), from which flex ib le  films could be cast. The high soften ing  points 
observed are in line with expectations aris ing  from the high degree of r ig id ity  
conferred on the chain by the aspartim ide and p-phenylene units.
The thermal s ta b il i ty  of these s tru c tu re s  was, as expected, lower than th a t 
of the analogous poly (Ms-maleimides). The addition of amine to  maleimide 
produces both additional a licyclic  >CH2 and secondary amine linkages in to  the 
chain, ne ither of which are of high thermal s ta b ility . Decomposition 
tem peratures, as measured by thermogravimetric analysis (TGA) were in the 
region of 350*C, in both nitrogen and a i r / 535 The most likely  explanation of th is  
is  tha t the decomposition mechanism (suggested by Crivello as being re tro  
Michael addition) is  predominantly thermal ra th e r than oxidative.
Varma e t al. have used the Michael addition reaction  to  produce a se r ie s  
of amine-maleimide adducts th a t are maleim ide-term inated.C239“252> The 
preparations were a l l  of so lu tion  adducts, the syntheses being carried  out in 
acetone with a 1:0.3 or 1:0.4 molar excess of the Ms-maleimide. The c ro ss- 
linking of such chain-ext ended m aterials may then occur via therm al addition 
polymerization of the maleimide end-groups on the linear chains. This may be 
effected  isotherm ally in the region of 220 *C. The DSC data produced qu ite  
variable tem peratures of the maximum ra te  of reaction  (between 130 and 270*C), 
and in some cases two exotherms were v is ib le  on the thermograms. Varma e t al. 
attempted to  ra tio n a lize  these re su lts  in terms of a Michael addition reaction
followed by fu rth er cure of the residual unreacted maleimide groups. However, 
the DSC re s u lts  obtained in th is  work for both blends and so lu tion  adducts 
tends to  suggest tha t the anomalies observed in the l i te ra tu re  may have been a 
d irect re su lt of the p reparative method. Some of the oligomers produced were 
Michael adducts of phosphorus-containing bis- maleimides and diamines, 
synthesized in connection with th e ir  f i r e - re s is ta n t  properties. The incorporation 
of m-phenylene ra th e r than p-phenylene linkages was aimed a t producing 
s tru c tu re s  with increased elongation a t break.
Varma e t al.t2A3> also  investigated  the cross-linking  of b is -maleimides in 
the presence of d i- and triam ines; and found th a t both addition polymerization 
of maleimide end groups and the ionic Michael addition reaction  to  be occurring 
simultaneously by thermal means. The commercial Kerimid 601 re s in  is  of th is  
type, being available as a prepolymer blend of 6is(4-maleimidophenyl)methane 
(2.5 mol) with 4,4'-diaminodiphenylmethane (one mole). The polym erization and 
cross-linking  of th is  complex system also  involves both Michael addition 
reaction  of the diamine and Ms-maleimide, and thermal addition polymerization 
of the unreacted maleimide end groups. The cross-linking  of the system has been 
studied using FT-IR spectroscopy by Di Guilio e t who determined a linear
re la tionsh ip  between res id u a l double bond content in the resin , and cure
temperature. The g lass tra n s itio n  tem peratures of the cross-linked  products 
were approximately the same as the tem peratures a t which curing was carried  
out. FT-IR analysis of the resin  revealed an unreacted res id u a l double bond
content of 25%.
In another study Varma e t al.c2S0) blended b is- (4-maleimidophenyl)methane 
and 3,3'-bis-maleimidophenylsulphone in so lu tion  using weight ra tio s  of 3:1, 2:1, 
1:1, 1:2, and 1:3 in chloroform). Chain extended aspartim ide so lu tion  adducts were 
then prepared by tre a tin g  the bis- maleimide pair blends with 4 ,4 '- 
diaminodiphenylether in molar ra tio s  of 1:0.3; these resin s  were a lso  fu r th e r 
blended with the o rig inal b is -maleimides. DSC analysis (carried  out in s ta t ic  
a ir)  of the blends yielded thermograms th a t were typ ically  d iffu se , in some
cases ill-d efin ed  due to  the close proximity of the fusion endotherm, or 
bimodal. The decrease in magnitude of the peak maximum accompanying blending 
was a ttr ib u te d  by the authors to  the polar requirem ents of the  two bis-
maleimides. The sulphone group in 3,3'-ibis-maleimidophenylsulphone increases the 
e lectron  deficiency in the maleimide double bond due to inductive e ffe c ts ; in 
4,4,-jbis-maleimidophenylmethane the methylene group having a +1 and +R e ffe c t
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reduces the electron  deficiency resu lting , in the blend, in in itia tio n  of the 
polymerization due to  e le c tro s ta tic  in teraction . This then re su lts  in a reduction 
in the polymerization tem perature.
Ninan e t a l . , '1805 had previously reported the preparation of four aromatic 
b is -maleimides (from 4,4'-diaminodiphenylmethane, 4,4'-diaminodiphenylether, 4,4 '- 
diaminodiphenylsulphone, and 3,3'-diaminodiphenylsulphone) from a Searle 
sy n th esis '2075 which displayed the c lassic  hallmarks of ‘crude* therm al behaviour 
(i.e., a sharp c ry sta llin e  melt endotherm followed d irec tly  by a d iffu se  
polymerization exotherm, see Figure 3,1). The sole exception to  th is  was 4,4‘- 
bis  (maleimidophenyl)sulphone which shows a sharp c ry s ta llin e  melt endotherm 
superimposed upon a re la tiv e ly  sharp polymerization exotherm (although the 
exotherm spanned a g rea te r tem perature range than those recorded in the study 
by Warner'2555 and Barton e t a l , ' 14-165 and there  was no evidence of a second, 
higher tem perature exotherm). Kinetic parameters were also  presented for the 
homopolymerization of these bis- maleimides. A second re la ted  study was 
undertaken by the same au th o rs '1815 in which each of the bis-maleimides prepared 
in the previous work, was extended using diaminodiphenylmethane in a 1:0.3 molar 
ra tio  (by refluxing in DMF for 4-5 hours followed by drying in vacuo). The 
enthalpies recorded for the so lu tion  Michael adducts (31.0 -  52.3 J /g ) were 
generally lower than the corresponding bis-maleimides (again the exception is  
the b is -maleimide of 4,4,-diamino diphenylsulphone, in which i t  was not possible 
to accurately measure the polymerization enthalpy), and th is  was a ttr ib u te d  to  
the lower number of double bonds (and hence reactive  centres) in the adduct. 
Kinetic parameters for the cure reaction  revealed th a t the average activation  
energies and pre-exponential fac to rs  are higher in the adducts than in the 
corresponding b is-maleimides.
While being somewhat outside the scope of th is  short sec tion  and not 
d irec tly  relevant to  the current research, bis-maleimide-type monomers have also 
been extended in the following fashions, Kumar, Fohlen and Parker'1375 reacted  
amines with bis- maleimide in the ra tio  2:1 (amine excess) in #,//*- 
dimethylacetamide using acetic  acid as ca ta ly st in order to  synthesize amine- 
terminated trim ers. Polymerization could not however, occur by Michael addition, 
proceeding ra th e r by an amidation reaction  (the relevance of th is  study to  
another aspect of th is  work is  fu rth e r discussed in Section 3.8.4). 
Dichloromaleimides, having a maleimide double bond which is  influenced to  a 
g rea te r degree by the electron-withdrawing e ffec t of the chlorine atoms, have
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been reported '242,2445 to  thermally polymerize a t re la tiv e ly  higher tem peratures 
than maleimides. Varma e t a l. '2335 reported a chain extension with diamines in 
which the amino group reac ts  with the dichloromaleimide by nucleophilic 
su b stitu tio n  at the highly e lec tron -defic ien t double bond (to y ield a linear 
polymer with in tac t maleimide double bonds, unlike the Michael addition 
reaction). Finally, Crivello e t a l. '545 have reported the syn thesis  of a whole 
se r ie s  of linear polymers formed by reaction  of both hydrogen sulphide and a 
varie ty  of a lipha tic  d ith io ls  with aromatic Ms-maleimides. The reaction  is  a 
sulphur analogue of the chain extension of bis- maleimides by ammonia or 
diamines in Michael addition reactions to  yield poly(aspartim ides).
(3.6) Syn thesis
(3.6.1) General Aspartimide Solution Adduct Syn thesis
The bis-maleimide/diamine so lu tion  adducts (lls-14-s, 15cs-15es) (as
d is tin c t from the pre-polymer blends) were prepared by a syn thetic  rou te  based 
on th a t f i r s t  reported by S earle '2075 and subsequently modified'26-535 involving 
the reaction  of an aromatic diamine with a bis-maleimide in an ap ro tic  solvent. 
DMF was chosen as the solvent as being a dipolar apro tic  solvent, i t  would not 
hinder nucleophilic a ttack  of the amine on the maleimide double bond. G lacial 
acetic  was added to  catalyze the Michael Addition reaction (as th is  and other 
weak protonic acids have been demonstrated by Crivello to  act s ig n ific a n tly ) '535 
and hydroquinone was added to  prevent any possible free  rad ica l polymerization 
(hydroquinone being an e ffec tiv e  free  rad ica l inh ib ito r in the presence of small 
amounts of oxygen).'1385 P recip ita tion  of the product into methanol ensured th a t 
the amine groups seen in the FT-IR spectrum of the product (see Section 3.3.1) 
were not due to s ta r tin g  m aterial since these are  a l l  soluble in cold methanol 
(along with DMF, acetic  acid and hydroquinone). In each case a ttem pts were made 
to re c ry s ta llize  or dry the crude m aterials fu rther, and these met with l i t t l e  
success (the so lu tion  adducts were found to  be impure, > ± 0.3%, by
microanalysis).
A review made of the l i te ra tu re  concerning poly(aspartim ides) revealed 
tha t the vast majority of synthetic  preparations have been carried  out by 
refluxing the comonomers in solvent (typically  DMF or acetone) for sev era l hours 
before attem pting to dry the products before analysis. Examination of the 
synthetic  procedures showed th a t the l i te ra tu re  s tu d ies  have concentrated on
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adducts which contain a varie ty  o f b is-maleimide molar frac tio n s  (with no 
standard stoichiom etry, save in most cases an excess of bis- maleimide). By 
varying the molar frac tion  of the Ms-maleimide content in the adducts from 
0.625 -  0.571, i t  is  possible, a t le a s t in principle, to  synthesize a maleimide- 
term inated resin  containing no unreacted Ms-raaleimide. When the number average 
molecular weight becomes very large then the comonomer consumption is  1:1 and a 
linear polymer is  th eo re tica lly  formed; when the sh o rte st maleimide-terminated 
aspartim ide adduct is  produced (a trim er containing two Ms-maleimide residues 
to  one diamine residue) then one mole of Ms-maleimide is  consumed for every 
0.5 mole of diamine. In the analogous prepolymer blends a much wider range of 
bis- maleimide molar frac tions was used, in which the blends produced 
encompassed a M s-maleimide-terminated prepolymer (bis-maleimide molar frac tion  
0.900) to, in theory, a linear polymer (Ms-maleimide molar frac tion  0.500). The 
relevance of th is  wide range of Ms-maleimide molar frac tions is  fu rth e r 
discussed below (see Section 3.8.4).
(3.7) Spectral fea tu res o f  Addition Polyimides
(3.7.1) Nmr Spectra
In h is important paper reporting  the f i r s t  preparation of linear high 
molecular weight poly (aspartim ides), Crivello (1973)c53:i presented fu ll  sp ec tra l 
characterizations (from both in frared  and *H nmr analyses) of both the high 
polymers and model aspartim ide adducts. As outlined above, Michael addition of 
the amine across the maleimide double bond produces a sa tu ra ted  succinimide 
ring in which four new non-equivalent protons arise. In a 100 MHz *H nmr 
spectrum of the model aspartim ide A/',Nt-diphenylaspartimide the presence of 
chemical sh if ts  a ttr ib u te d  to  these new protons H„, Hb, H,., and Hd (see Figures 
3.2 and 3.3) are a l l  c learly  v isib le . Crivello assigned the secondary amino 
proton, Hd, as a broad signal (as is  customary with exchangeable protons such as 
those borne by amine or hydroxyl groups) centred at « 5.85 ppm; proton Hc as a 
quarte t a t -  4.8 ppm; Hb as a doublet of doublets a t ^ 3.3 ppm, and H, as 
another doublet of doublets a t -  2.7 ppm. In a sim ilar *H nmr spectrum of the 
linear polymer o f Ms(4-maleimidophenyl)methane and 4,4'-diaminodiphenylmethane, 
while the c la r ity  of the signals was predictably reduced, the same sig n a ls  were 
recognizable as being present in both spectra .
Hb
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Figure 3.3 300 MHz 1H nmr spectrum of (.15cs) In Dg-DMSO CTMS standard).
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During the course of the current research a se r ie s  of aspartim ide so lu tion  
adducts were prepared for characterization. Analysis of these adducts was 
carried  out and 300 MHz l H nmr spectra  were recorded, a single typ ical example 
of which is  presented (Figure 3.3). While the spectrum is  predictably very 
complex, i t  is  possible to  see c learly  the signals a ttr ib u te d  by Crivello(53> to  
the protons aris ing  from the aspartim ide linkage. I t  is  also of in te re s t in the 
ligh t of the la te r  re su lts  presented for both the DSC and TGA experiments (in 
which the influence of im purities is  discussed a t some length, see Sections 
3.8.1 and 3.9.1), th a t the presence of DMF is  c learly  shown by ch a rac te ris tic  
chemical s h if ts  (a s in g le t due to  the proton bonded to  the carbonyl group and a 
doublet due to  the methyl protons) -  marked on the Figure as ‘s ’.
(3.7.2) FT-IR Spectra
In the same paper, C rivello '531 also presented in frared  spectra  of both the 
model aspartim ide and the high molecular weight linear polymer. However, while 
s ta tin g  th a t the spectra  were unambiguous and consisten t with the proposed 
stru c tu re , no assignments were quoted. In la te r  papers by Di Guilio e t a2.,t6°  
and Tung<238> reporting FT-IR stud ies of the Michael addition/cure reaction  of 
both model compounds and the commercial aspartim ide Kerimid 601, and P atel et 
a2.cl90J who examined a range of aspartim ide adducts, fu ll  sp ec tra l assignments 
(for not only bis- maleimide monomers, but also  a succinimide and a model 
aspartim ide) were presented. The important sp ec tra l fea tu res  which are of 
diagnostic use in the case of aspartim ides are absorptions a t 3389 (m) and 3330 
(w) a ttr ib u ted  to  the secondary NH s tre tch ; 1779 (w) and 1707 (vs) a ttr ib u te d  to  
v(C=0) in phase and v(C=0) out-of-phase respectively; 1397 (s) due to  v(C-N-C); 
and 1190 (s) a ttr ib u te d  to  v(C-N-C) succinimide.
(3.8) Thermal Behaviour o f  Addition Polyimides
In order to  demonstrate the d ifference in thermal behaviour of a bis- 
maleimide (in both a pure and crude s ta te )  and a re la ted  aspartim ide, the DSC 
thermograms (at 10*C/minute under nitrogen) of bis(4-maleimidophenyl)methane 
(10) and the prepolymer blend adduct (15a) in which the bis-maleimide molar 
fraction  is  0.9, are contrasted  in Figure 3.1. The bis-maleimide displays a 
s lig h tly  skewed peak which occurs almost d irec tly  a f te r  the sharp c ry s ta llin e  
melt endotherm. By incorporating a small quantity  of diamine the polym erization
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exotherm is  s lig h tly  re tarded  and the exothermic peak becomes almost be ll­
shaped. The enthalpy of the Michael addition/polym erization reactions of the 
aspartim ide blend is  also  somewhat la rger than th a t of the homopolymerization 
of the corresponding bis- maleimide (which is  known to  undergo incomplete 
reaction). These points are fu rth e r discussed in Sections 3.8.3 and 3.8.4.
(3.8.1) E f fec t  o f  Purity  upon the Thermal Behaviour o f  Addition Polyimides
In it ia lly  i t  was decided to  prepare several novel aspartim ide adducts using 
the c lassic  Sear le/C rivello  method'28' 53-207’ and to  fu lly  characterize and 
evaluate these m aterials. However, upon performing dynamic DSC analysis on the 
so lu tion  adducts i t  was soon found th a t the re s u lts  were most u n sa tisfac to ry  
(and quite  unsuitable for k inetic  analysis). Consequently i t  was decided to  
prepare a s e r ie s  of aspartim ide prepolymers without the use of solvent in th e ir  
preparation (i.e., molten blends). These m aterials then formed the basis  for the 
analyses which were performed.
(3.8.1.1) Aspartimide Solution Adducts (15cs-15es)
The DSC thermograms of the so lution adducts (i.e., those prepared in 
solution using a Searle-type synthesis) were irreg u la r and irreproducible, and 
showed anomalous exo- or endothermic peaks (the DSC thermograms of both a 
typical solution adduct and i t s  corresponding prepolymer blend are contrasted  in 
Figure 3.4, showing the marked d ifferences in th e ir  appearance). The data 
obtained from these solution adducts were not su itab le  for k inetic  analysis  and 
i t  was therefore  not possible to  obtain a comparison of th e ir  cure k inetics. 
However, an a lte rn a tiv e  s tra teg y  was adopted whereby the two components of the 
aspartim ide adduct (a bis-maleimide and a diamine) were in tim ately blended to  
produce a homogeneous prepolymer which would undergo thermal polymerization to  
produce f i r s t  a Michael adduct and then, upon fu rth e r heating, a fu lly -cu red  
polymer. In contrast, the DSC thermograms of prepolymer blends of (15a-15f) and 
(.16) were a ll  highly reproducible and repeatable (see Tables 3.1 and 3.2) 
allowing kinetic  analysis to  be performed on the dynamic DSC re s u lts  (see 
Section 3.8.2).
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Figure 3.4 Composite plot of scanning DSC thermograms (lOX/minute under 
nitrogen) for (J5d> and (15cs).
1 W/g
I
• oG!
S
200100 300 4000
Tem perature CC)
Figure 3.5 Composite plot of scanning DSC thermograms (lOT/minute under 
nitrogen) of prepolymer blends of (.15).
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(3.8.1.2) Aspartimide Prepolymer Blends (15a-15f)
The DSC thermograms of the various samples of prepolymer blend (15) 
(formed by system atically  varying the bis-maleimide molar frac tion ) are shown 
for a heating ra te  of 10’C/rainute as a composite p lot in Figure 3.5. In each 
case the general shape of the trace  is  very sim ilar: two small endotherms are 
v is ib le  (corresponding with the fusion of the two components w ithin the blend) 
and as the jbis-maleimide content is  increased th is  fusion endotherm becomes 
progressively more pronounced as the c ry s ta llin e  content of the blend in also 
increased. As expected, as the heating ra te  is  increased the tem peratures of the 
maxima and minima also  increase accordingly. These endotherms precede a be ll­
shaped polymerization exotherm which spans * 170 to  340"C with a TMAx (at 
10'C/minute) of -  250-260 *C. The end of the polymerization exotherm is  d if f ic u lt 
to  discern visually, the baseline begins to  descend gradually before appearing 
to  p lateau before the onset of the degradation exotherm. In order to  determine 
the f in a l lim it of the polymerization exotherm for the analysis, a s e r ie s  of 
samples (of known in i t ia l  weight) were quenched a t various tem peratures (e.g.,
300*C, 310*C, 320°C, and 330°C, etc.) and reweighed. I t  was found th a t a f te r  the 
polymerization exotherm had reached -  330*C a weight loss of -  1% was recorded. 
If, however, the sample were allowed to  reach a tem perature of 350°C (at a 
heating ra te  of 10*C) then a weight loss of ^ 20% was recorded. This enabled 
the upper lim it of the peak in teg ra tion  to  be fixed with some certa in ty  -  
allowing the analysis to  be performed on undegraded m aterial. I t  may be judged 
from the data presented in Table 3.1, th a t the reaction  enthalp ies th a t have 
been recorded for the blends of ( 15) for a given sample and heating ra te  show 
very l i t t l e  variation. The thermograms are themselves very regu lar in shape, as 
is  shown for the traces  of each of the molar frac tions a t a heating ra te  of 
10*C/minute (Figure 3.5). The very small varia tion  between reaction  enthalp ies 
determined for a given b is-maleimide molar frac tion  in each prepolymer blend is  
encouraging, and confirms the re su lts  of the rep ea tab ility  and rep roducib ility  
of the DSC technique tha t was undertaken (see Section 2.2.2). The re s u lts  of 
th is  study allow these enthalpies to  be quoted with some confidence in th e ir  
accuracy.
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Table 3.1 Thermal Behaviour of the  Aspartimide Prepolymer Blends (15a-15f)
Blend BMI Molar Scan Rate 
frac tion  (*C/min.)
Heat of Reaction (AH)
(J/g) <J/g BMI) (kJ/mole BMI)
15a 0. 900 10 253. 1 227. 8 81. 6
15b 0.800 10 241. 5 193. 2 69. 2
15c 0. 625 10
7
5
2
Mean
2 1 1 . 6 
2 0 1 . 1 
2 0 1 . 8 
193. 5 
202 . 0 126. 3 45. 2
15d 0.571 10
7
5
2
Mean
190. 5 
187. 4 
178. 5 
187. 1 
185. 9 106. 1 38. 0
15e 0. 556 10
7
5
2
Mean
185. 1 
183. 1 
178. 5
181. 7
182. 1 1 0 1 . 2 36. 3
15f 0. 500 10
7
5
2
Mean
160. 4
155. 6 
162. 3
156. 8 
158. 8 79. 4 28. 5
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(3.8.1.3) Aspartimide Prepolymer Blend (16)
Only a single blend was prepared of th is  m aterial containing a bis- 
maleimide molar frac tion  of 0.571. As with the case of the prepolymer blends of 
( 15) the DSC traces  a t each heating ra te  were very sim ilar, and only one typ ica l 
example is  shown a t a heating ra te  of 10’C/minute (Figure 3.6). The trace  
exhib its a broad endotherm a t -  60-70 *C followed by another a t 110-135X. These 
fusion endotherms precede a broad bell-shaped polymerization exotherm spanning 
175-350X with a maximum a t 260X (at lOX/minute). The onset of degradation is  
signalled  by the appearance of a decomposition exotherm d irec tly  a f te r  the 
polymerization reaction  exotherm has ended.
Table 3.2 Thermal Behaviour o f the  Aspartimide Prepolymer Blend (16)
Blend BMI Molar Scan Rate 
Fraction (X/min.)
Heat of Reaction (AH)
(J/g) (J/g  BMI) (kJ/mole BMI)
16 0. 571 10 106. 9
7 96. 3
5 64. 7
2 71. 1
Mean 84. 8 48. 4 28. 7
(3.8.1.4) Aspartimide Prepolymer Blends (11-14,17,18)
The DSC thermograms for a l l  of these blends were sim ilar in shape and so 
only a single example is  given (see Figure 3.7), and a l l  are  unsu itab le  for 
k inetic analysis. In th is  case, w hilst each blend displayed highly regu lar 
reproducible thermograms between heating ra te s , the overlap of the preceding 
broad fusion endotherm with the d iffu se  polymerization exotherm made 
determ ination of the polymerization enthalpy impossible. The proximity of the 
fusion endotherm and polymerization exotherm ind icates th a t the onset of the
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Michael addition reaction  occurs d irec tly  a f te r  the prepolymer blends have
liquefied.
(3.8.2) K inetic  Analysis o f  the Aspartimide Prepolymer Blends
(3.8.2.1) Aspartimide Prepolymer Blend (15)
The analyses were carried  out predominantly in the (5-90%) conversion 
range (see Table 3.2). For a l l  samples of (15) irrespective  of molar ra tio  or 
scan ra te , the fea tu res  of the p lo ts  of ln(da/dt)-n.ln(l-oc) vs. 1000/T are very 
sim ilar, and only a typ ica l example is  shown (Figure 3.8). The data are displayed 
for th ree  values of the reaction  order n: 1, 2, and 3. The second order plot is  
a very close f i t  to  lin e a rity  u n til -  90% conversion when a deviation from the 
s tra ig h t line plot is  observed (the significance of which is  discussed below in
Section 3.8.4), and the apparent reaction  order decreases dram atically. The
kinetic  data for the blends of (15) are presented in Table 3.3. The apparent 
mean activation  energy, E, changed very l i t t l e  with the varia tion  in Ms- 
maleimide content (E, 144-151 kJ/mole, depicted in the form of a stacked
Arrhenius plot in Figure 3.9); as did the mean pre-exponential fac to r (InA, 28.2- 
29.5).
(3.8.2.2) Aspartimide Prepolymer Blend (16)
Unlike prepolymer blends of (15), which displayed a very close f i t  to  the 
n 'th -o rd e r model over a considerably wide conversion range, (16) was s lig h tly  
less  sa tis fa c to ry  in th is  respect. The analyses were carried  out predominantly 
in the (10-90%) conversion range (see Table 3.3), a s lig h tly  sm aller conversion 
range than for (15). For a l l  samples of (16), irrespective  of scan ra te , the 
fea tu res of the p lo ts of ln (d a /d t)-n .ln (l-a )  vs. 1000/T were very sim ilar to 
th a t of (15). The second order plot was again a very close f i t  to  lin e a rity  
u n til -  90% conversion when a deviation from the s tra ig h t line  plot was
observed, and the apparent reaction  order decreased dram atically. The k inetic  
data for the single prepolymer blend of (16) are presented in Table 3.3. The 
apparent mean activation  energy, E, is  markedly lower than tha t obtained for the 
blends of (15) (E, 121 kJ/mole); as is  the mean pre-exponential fac to r (InA, 
22.7).
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Figure 3.6 Typical scanning DSC thermogram ClOT/minute under nitrogen) of 
prepolymer blend (16).
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Figure 3.7 Typical scanning DSC thermogram (1 OX/minute under nitrogen) o f a 
prepolymer blend unsuitable for kinetic analysis (shown for (ID ).
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Table 3 .3  Summary o f Dynamic DSC Second-order K in e tic  P aram eters fo r  
A spartim ide Prepolymer Blends of ( 15) and (16)
Blend BMI Molar Scan Rate E InA
F ra c tio n  CC/min. ) (kJ/m ole)
15c 0.-625 10 161 31. 6
7 161 32.0
5 148 28.9
2 132 25.6
Mean 151 29.5
15d 0.571 10 150 29.3
7 143 27.6
5 150 29.8
2 133 26.0
Mean 1 4 4  28.2
15e 0.556 10 153 29.9
7 159 31.4
5 149 29. 4
2 136 26.5
Mean 149 29.3
15f 0.500 10 153 30.0
7 153 30.3
5 153 30 .4
2 131 29. 1
Mean 148 29. 1
16 0.571 10 126 23.7
7 123 23. 3
5 117 21.8
2 117 21.8
Mean 121 22.7
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Note: For blends of (i5), k inetic  param eters were obtained in the conversion 
range 5-90%, and for (.16) in the range 10-90%.
(3.8.3) Reaction Order o f  the Bis-maleimide/Diamine Michael Addition Reaction
I t  must be borne in mind th a t when re la tin g  kinetic  data to  any chemical 
mechanism a number of assumptions must be made. The observed k in e tics  of 
enthalpy change (i.e., those measured) may not correspond to  the k ine tics  of the 
monomer to  polymer conversion, but ra th e r  elementary reactions which do not 
involve simple conversion may contribute to  the overall enthalpy re lease  during 
the course of the reaction. The phenomenological nature of k inetic  data derived 
from DSC has already been discussed (see Section 2.4.2.4), and the non-ideality  
of the system undergoing cure must be taken in to  account. For example, an 
aspect th a t has been largely  neglected concerns the e ffec t th a t sm all amounts 
of oxygen may have on the polymerization. In the past d if f ic u lt ie s  have been 
encountered in the study of the thermal polymerization of styrene due to  the 
e ffec t of oxygen upon the polymerization kinetics, and Ebdon has reviewed the 
l i te ra tu re  concerning th is  area.<66) No attem pts were made to  rigorously  evacuate 
the DSC ce ll p rio r to  flushing with nitrogen.
Before attem pting to  ra tio n a lize  the observed k inetic  param eters, i t  is  
important to  explain the nature of the competing reactions occurring during the 
cure of the aspartim ides. Crivello (1973)CS3) examined the k ine tics  of the 
Michael addition reaction  using model (monofunctional) maleimides and amines in 
so lu tions of d iffering  p o la ritie s . His study found th a t the data co llected  obeyed 
second order k inetics very well, and second order ra te  constants of 5.6* 10-8 
1/mole-sec. (in o-dichlorobenzene) and 1.1*10-5 1/mole-sec. (in benzon itrile )
were obtained. The reaction  ra te  was markedly enhanced in the more polar
solvent (suggesting th a t the reaction mechanism involves a charged in term ediate 
or tran s itio n  s ta te  which is  s tab ilized  by the medium, see Figure 3.2).
S iesle r e t al. (1974)°181 carried  out an in frared  study on the therm ally- 
in itia te d  polymerization of a lipha tic  b is- maleimides (by monitoring the
disappearance and emergence of ch arac te ris tic  bands) and obtained ra te  constan ts 
(1.67*10-5 -  2.34*10-4 s - 1 a t 453-493 K) and ac tivation  energies (94.2-140.2 
kJ/mole) for a homologous series . Up to  a conversion of 20-30% the
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polymerization was found to  be pseudo f i r s t  order. A fter a cure time of th ree  
hours a t 453 K, 463 K, 473 K, and 493 K the conversions were respectively  18- 
22, 30-37, 27-38, and 44% (i.e., a considerable proportion of the maleimide bonds 
remained in tac t a f te r  cure. A sim ilar FT-IR study carried  out by Di Guilio e t al. 
(1984)<61) concerning the commercial aspartim ide Kerimid 601, reported th a t the 
Michael addition reaction is  fa s t and goes almost to  completion, whereas a f te r  
curing -  25% of the bis-maleimide C=C double bonds remain in tac t (in both these 
cases the re su lts  were determined by ra tio in g  w ell-assigned c h a rac te ris tic  bands 
for the maleimide.
Another more recent study was carried  out by Tung<238> on th ree  . Kerimid 
601-type blends of Ms(4-maleimidophenyl)raethane and diaminodiphenylmethane, the 
Ms-maleimide homopolymer, and two model succinimides, Tung adopted a very 
sim ilar approach to  th a t of Di Guilio e t al. using absorbance bands a t 3100 
cm-1, 1643 cm-1 and 1190 cm-1 corresponding to  v(=C-H) of the maleimide,
v(C=0), and v(C-N-C) of the succinimide ring in the product. By monitoring the 
changes in peak in te n s itie s  a t th ree  isotherm al cure tem peratures (6 hours at 
140*0, 180*0, or 210*0, Tung repo rted '2383 th a t in the system containing purely 
Ms-maleimide monomer the re su lts  indicated th a t the homopolymerization was 
markedly increased by ra is in g  the isotherm al cure tem perature from 140’C to
210*0. Tung also reported th a t the cure reaction  was enhanced with an excess 
amount of diamine. The high reac tiv ity  and the lim ited quantity  of maleimide 
double bonds lead to  the early  consumption of maleimide in a system containing 
a two-fold diamine excess, suggesting th a t the mechanism appeared to  proceed 
via formation of a secondary amine which may then undergo fu rth e r addition 
reactions. This addition reaction  was fa s te r  than homopolymerization a t a l l  
three cure tem peratures, but the gap narrowed a t higher tem peratures (which
enhanced both reactions).
The large excess of maleimide (2:1) in another system promoted
homopolymerization which was demonstrated by the slow growth of the chain
extension peak as the cure progressed. In the systems containing e ith e r  an 
equimolar or b is-maleimide excess, both homopolymerization and amine addition 
may occur, and in the equimolar system the re s u lts  suggested th a t the amine 
addition predominated. However, the in ten sity  p ro file  throughout the cure of the 
system containing a two-fold excess of Ms-maleimide resembled th a t of the Ms- 
maleimide homopolymerization indicating th a t th is  is  the p revailing  cure 
mechanism in th is  p a rticu la r ra tio .
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I t  has been suggested ,'2225 largely  on the basis of the data from 
C rivello '535 and th a t from in frared  s tu d ie s ,‘61*1185 th a t the step-grow th ionic 
Michael addition reaction  between the Ms-maleimide and diamine occurs more
rapidly than the accompanying th e rm ally -in itia ted  addition reaction  of the Ms-
maleimide to  the Michael adduct, and the homopolymerization of the Ms-maleimide
(which occur via an addition polymerization mechanism, see Section 1.2.2). Barton
and Knight (1975)'105 also  presented data fo r the commercial aspartim ide Kerimid 
601 which obeyed a second order law and yielded an enthalpy of 97 J/g  and an 
activation  energy of 124 kJ/mole. While the k inetic  param eters of th is
p a rticu la r combination of Ms-maleimide/diamine were not analyzed in the current 
work (due to  the in ab ility  to  define the onset of the polymerization exotherm) 
the figures obtained are of the same order as those recorded for aspartim ide 
prepolymer blends (15) and (16). In comparison with the two blends studied  here 
the Kerimid 601 blend displays a sm aller activation  energy which is  consisten t 
with the sh o rte r bridging links between reactive  s i te s  hence the higher
co llision  probability  of these species.
Varma e t al. (1984)'2*65 prepared N,N'-bis(. 3,3’-maleimidophenyl)sulphone 
using a Searle sy n th es is '2075 and formed so lu tion  Michael adducts with 4 ,4 '- 
diamino diphenylmethane, 4,4'-diaminodiphenylether, 3,3'-diaminodiphenylsulphone, 
4,4'-diaminodiphenylsulphone, (3,3',3"- tris-aminophenyl)phosphine oxide, and 9,9- 
b is ip -aminophenyl)fluorene in a 1:0.3 molar ra tio  by refluxing in acetone (3-4 
hours) and removing the solvent in vacuo. However, no microanalyses were 
presented for the adducts and the DSC traces  display exotherms th a t are  i l l -  
defined (polymerization occurring soon, but not immediately, a f te r  fusion), or 
bimodal. The bimodality was a ttr ib u te d  to  the homopolymerization of the re s id u a l 
Ms-maleimide content. Kinetic param eters of the curing reaction  were obtained 
by making isotherm al cure stud ies, although the Arrhenius p lo ts  presented 
consist of only three data points. In th is  study the en thalp ies recorded for a 
given adduct a t several heating ra te s  typ ically  vary by 10-60 J/g, which in tu rn  
re su lts  in variable apparent activation  energies (see Table A.l, Appendix 2.1). 
There can be no d irec t comparison with th is  study as the b is -maleimide used was 
not employed in the current work. However, the enthalpies recorded a re  of the
same order of magnitude as those obtained in the present work (although the
current data shows a much sm aller varia tion  for a given adduct, see Table 3.1), 
The apparent activation  energies are (with severa l notable exceptions) 
considerably lower than the values obtained from the current data. These
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problems may be associated with the poor quality  of data, a ris ing  from analysis 
of so lution adducts, or the k inetic  model used.
Ninan e t al. (1986)<180J prepared four aromatic b is -maleimides of: 4,4‘-
diaminodiphenylmethane, 4,4'-diaminodiphenylether, 4,4’-diaminodiphenyl sulphone, 
and 3,3'-diaminodiphenylsulphone using a Searle synthesis, and reported  th e ir  
thermal behaviour. In a subsequent study” 815 the same workers extended each 
b is -maleimide with diamino diphenylmethane in a 1:0.3 molar ra tio  by reflux ing  
in DMF (4-5 hours) followed by drying the product in vacuo. The enthalp ies 
obtained for the Michael adducts (31-65 J/g) were lower than the corresponding 
b is-maleimides, and th is  was a ttr ib u te d  to  the lower double bond content in the 
adduct. Kinetic parameters for the cure reaction  reveal tha t the average E and A 
values are higher than in the correponding b is-maleimides -  presumably as a 
re su lt of d ilu tion  caused by the g rea te r chain length separating reactiv e  s ite s .
With the exception of the s tud ies  re la ted  above, there  has been very l i t t l e  
data presented on the k inetics (rather than simply quan tita tiv e  enthalpic data) 
of the thermal cure' of aspartim ides. There is, however, a s lig h tly  la rg e r body 
of l i te ra tu re  concerning the homopolymerization of bis- maleimides. The 
thermally-induced bis-maleimide polymerization has been suggested by 
Kwiatkowski et a l (1405 to  involve a free  rad ical mechanism ra th e r than an ionic 
Michael addition mechanism. The same workers determined curing reaction  k ine tics  
for n = 1 maleimide a t two tem peratures. Stenzenberger (1986)<227) a lso  proposed 
a free rad ical mechanism, reporting th a t hydroquinone (a well-known free  rad ica l 
inhibitor, see Section 1.2.2.1) was an e ffec tiv e  re ta rd an t for the polymerization. 
The e ffec t of hydroquinone upon the k inetics of the thermal homopolymerization 
of b is-c itraconim ides was investigated  by Barton e t al.” 4-163 who found th a t 
addition of 2% (w/w) hydroquinone to  the M s-citraconim ide was su ff ic ie n t to  
ra ise  the reaction order by a single order, while causing the polym erization to 
be in itia te d  a t a lower temperature. I t is  well known from the work concerning 
the therm ally -in itia ted  polymerization of s ty rene431*66*1711 th a t polym erization 
mechanisms which are in itia te d  by therm olysis to  produce propagating free  
rad ical species are very complex in nature.
In a very recent study de la Campa e t a l  (1990)(2) presented a k inetic  
study of the crosslinking reaction of flex ib le  m aleim ide-term inated 
o ligoterephthalates. The thermal and in itia to r-induced  polymerizations of these
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aliphatic , ra th e r than aromatic, his-maleimides were monitored using isotherm al 
and scanning DSC, and analyzed to  yield f ir s t-o rd e r  k ine tics  for the 
polymerization regard less of chain length: ac tivation  energies in the range 133- 
140 kJ/mol and pre-exponential fac to rs  A -  1016/min were obtained. The e ffec t 
of a range of rad ica l in it ia to r s  upon the thermal c h a rac te ris tic s  of N~ 
phenylmaleimide was also studied demonstrating th a t with low concentrations of 
in it ia to r  two widely-spaced exotherms are observed corresponding to  both 
peroxide-induced polymerization (at the lower tem perature) and the  thermal 
polymerization. As the in i t ia to r  concentration is  increased, only the in itia te d  
exotherm is  observed and is  sh ifted  to  lower tem perature. Furthermore, a
shoulder is  observed which was a ttr ib u te d  to  the decomposition of the excess
peroxide.
The k inetics of the thermal polymerization of a number of HPLC-pure b is- 
maleimides and b is-c itraconim ides have already been studied by Warner (1988)C255> 
and Barton e t aL (1990).<15' 16> They found th a t in a l l  cases the  reaction  
k inetics obtained from the scanning DSC re s u lts  were much more complex than 
those derived in the course of th is  work (with a variable reaction  order, and
adherance to  the n 'th -o rder model over much lower conversion lim its  than those
observed herein). Barton e t al. (1990)<1S*16) found th a t bis-maleimides and bis- 
citraconim ides displayed n 'th -o rder k inetics up to  a conversion of about 50%, a t 
which point physical d iffusion  controls became increasingly important. In a l l  
cases, the enthalpies obtained for these Ms-maleimide homopolymerizations (- 
50-66 kJ/mole) are much le ss  than the enthalpies recorded here (see Tables 3.1 
and 3.2). This observation is  in d irec t contradiction of the re s u lts  reported  by 
Varma e t a l l2ABi and Ninan e t a l (181J in which the lower enthalpies recorded for 
the corresponding Michael adducts was a ttr ib u te d  to  a reduction in the  double 
bond content. In the lig h t of the re s u lts  from the current study dem onstrating 
the deleterious e ffe c ts  of occluded solvent upon the thermal behaviour of the 
aspartim ide so lu tion  adducts (see Section 3.8), the published s tu d ies  must be 
trea ted  with caution, since most of these involve so lu tion  adducts prepared in 
DMF or acetone.
In con trast to  the study of HPLC-pure M s-imides by Barton e t aI.,<15' 16J the 
reaction  k inetics for the Michael addition/copolym erization reaction  yielded very 
consistent data. In general, the therm al polymerizations of M s-maleimides and 
M s-citraconim ides have been trea ted  as f i r s t  order in the l i te ra tu re , although 
u n til recen tly115*161 no explanation of the reaction  order was evident (probably
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as a re su lt of the d if f ic u lt ie s  involved as explained above), while the 
aspartim ide Michael addition has been considered as second order. All samples of 
the aspartim ide prepolymer blends showed a sim ilar pa tte rn  in the p lo ts  of 
ln (d a /d t)-n .ln (l-a )  vs. 1000/T (i.e., a linear plot over a very wide apparent 
conversion range -  indicating th a t the reaction  order, n = 2, was apparently 
largely invariant over the extent of the reaction). This appears to  confirm th a t 
the ionic Michael addition proceeds very quickly contributing g rea tly  to  the 
observed k inetic  data, while predominating over the k inetically  more complex 
vinyl addition bis-maleimide homopolymerization/co-polymerization reactions.
However, the k inetics of the thermally-induced polymerization of a m ateria l 
under these conditions involves physical as well as chemical controls. 
Stenzenberger (1973)<222) reported th a t bis-maleimides begin to  polymerize ju s t 
above th e ir  melting points accompanied by a rapid increase in v iscosity , and 
presented f i r s t  order cure k inetics over a wide tem perature range (up to  a 
conversion of 30%) for bis(4-maleimidophenyl)methane. Harvey e t aL (1986)C98* " } 
published an iso-conversion k inetic  plot for bis-A- (4-maleimidophenoxy)phenyl 
isopropylidene, in which he assumed a degree of conversion of 25% to  reach the 
gel point (at which point the plot indicated th a t gelation  occurred in 60 
minutes a t 180*C). As the system approaches the melt ge l-po in t, 
d iffu sion /v iscosity  control becomes increasingly important -  probably explaining 
the marked change in reaction  order observed here as the reaction  reaches a 
conversion of 90%. The reaction  order is  most likely  to  s ta r t  as second order, 
under chemical control, and then drop towards unity as physical contro l becomes 
increasingly important. Furthermore, as the reaction  proceeds, the likelihood of 
Michael addition is  reduced as the concentration of unreacted species is  
reduced. This allows the term inal maleimide groups (of the Michael adduct) to  
undergo fu rth er reaction with the unreacted b is -maleimide monomers (which may 
also undergo homopolymerization). This may also  cause the k inetics derived from 
the la t te r  s tages of the reaction  to  become more complex.
The l i te ra tu re  evidence would suggest th a t the k inetic  data measured here 
for the aspartim ides is  predominantly for the Michael addition reaction , as some 
b is -maleimide homopolymerization and aspartim ide/bis-m aleim ide copolymerization 
does occur simultaneously. These observations are consisten t with suggestions 
made by other workers'225*61 *238) th a t the Michael addition reaction  proceeds much 
more rapidly than the M s-maleimide/aspartimide copolymerization and bis- 
maleimide homopolymerization reactions. Furthermore, as explained above
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a number of s tu d ies  have demonstrated th a t the homopolymerization of bis- 
maleimides does not proceed to  completion because of the physical co n stra in ts  
introduced by a rapidly cross-linking  network, making an accurate determ ination 
of the enthalpy for homopolymerization by DSC impossible. For these reasons the 
observation th a t these are the k inetics of the Michael addition reaction  would 
seem logical as th is  reaction  would be expected to  obey second order k inetics, 
and to  occur largely  before network formation and gelation.
(3.8.4) Relation of Polymerization Enthalpy with Bis-maleimide Content of 
Aspartimide Prepolymer Blends: Prediction of Bis-maleimide
Polymerization Enthalpy
Two remarkable fea tu res  are observed in the enthalpic data obtained from 
the scanning DSC experiments. In addition to  the extremely narrow range of 
enthalpies recorded for each prepolymer blend, a varia tion  in the reaction  
enthalpy recorded was observed with re la tio n  to  the content of b is -maleimide 
present in the prepolymer blend. This varia tion  is  shown by the enthalpy data in 
Table 3.1, and graphically  represented in Figure 3,10. Not only is  th e re  an 
increase in the reaction  enthalpy accompanying the increase in bis-maleimide 
(and hence the reactive  double bond) content, but furthermore, th is  v a ria tio n  
conforms to  a linear re la tionsh ip  (over a wide measure of b is -maleimide molar 
frac tion  index). As discussed in Section 3.8.3, bis- maleimides have been 
demonstrated by a number of, predominantly FT-IR, s tu d ies  (S iesler e t a l tn8> for 
a liphatic  Ms-maleimides and Tung<238> and Di Guilio e t a l <61> for the commercial 
aspartim ide Kerimid 601) to  undergo incomplete reaction  upon polymerization. As 
the b is-maleimide monomers react to  form a densely-linked network, the v iscosity  
rapidly increases and the reaction  becomes d iffusion  controlled. This, in turn, 
makes fu rth er reaction  between two reactive  double bonds d if f ic u lt  as they 
cannot meet in the rapidly gelling  network.
Consequently, en thalp ies reported in the l i te ra tu re  for the therm ally- 
induced homopolymerization of Ms-maleimides determined using DSC must 
inevitably be lower than the tru e  value. The data is  presented in terms of the 
b is -maleimide content of the aspartim ide prepolymer blend. The lower lim it is  
th a t of the Ms-maleimide molar frac tion  of 0.50, in which a th e o re tic a l lin ea r 
polymer should re su lt. This is  the logical lower lim it of the data, fo r i f  a 
diamine excess is  used as in the study carried  out by Kumar e t  a i / ,37J to  
produce an amine-terminated adduct, then polymerization cannot occur by
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Michael addition or a therm al addition reaction  of maleimide double bonds. Hence, 
the ex trapolation  below th is  point has no meaning for i t  re la te s  to  a completely 
d iffe ren t reaction  mechanism (an amidation reaction). However, owing to  the
excellent f i t  of the enthalpy data to  a linear re la tio n  for prepolymer blends 
containing various bis-maleimide molar frac tions, i t  is  possib le to  ex trapo late  
upwards with some confidence to  the point a t which the b is -maleimide molar
frac tion  is  equal to  one (i.e., the bis-maleimide monomer). The value obtained 
from th is  ex trapolation  should correspond to  the enthalpy generated by b is(4- 
maleimidophenyl)methane during homopolymerization assuming complete reaction  
(provided the re la tionsh ip  holds beyond a bis-maleimide molar frac tio n  of 0.90).
The enthalpy obtained using th is  ex trapolation  is  * 96.5 kJ/mole fo r the 
monomer bis(4-maleimidophenyl)methane. This value is  in approximate agreement 
with th a t reported for maleimide i t s e l f  (AH = 89 kJ/mole)(36> determined from
c lass ica l calorim etric techniques. The homopolymerization of b is - (  4-
maleimidophenyl)methane (96%) was a lso  studied  in the course of th is  work using 
conventional DSC techniques, and values of 58-61 kJ/mole were obtained a t a 
heating ra te  of 10*C/minute. Warner<256> and Barton e t  al.<,*~16> obtained average 
polymerization enthalpy values fo r extended PES-type bis-maleimides of -  60 ± 7 
kJ/mole, a much lower figure  th a t th a t predicted here -  again indicating  th a t 
the polymerization of the bis-maleimides has not gone to  completion.
(3.9) Thermal S ta b il i t ie s  o f  the Aspartimide Polymers under Nitrogen
The polymers of nearly a l l  of the aspartim ides (both prepolymer blends and 
so lution adducts) were analyzed for th e ir  thermal s ta b i l i t ie s  in nitrogen. The 
re su lts  are presented in Table 3.4, and rep resen ta tive  TGA traces  from each of 
the four types of poly (aspartimide) studied (a so lu tion  adduct poly (aspartim ide) 
(15cs), the analogous prepolymer blend (15c), an extended arom atic-linked 
prepolymer blend (16), and a prepolymer blend poly (aspartim ide) containing 
sh o rte r chain segments ( I D)  a re  shown in Figure 3.11, a composite p lo t.
(3.9.1) D eleterious E ffe c ts  o f  Occluded Solvent upon Thermal S ta b il i ty
One of the most s trik in g  fea tu res  of the data is  the markedly d iffe ren t 
thermal s ta b i l i t ie s  of poly (aspartim ides) (15s) and (15) (s denotes th a t the 
polymer was produced from a S earle-type syn thesis involving an ap ro tic  solvent
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(e . g DMF) ra th e r than from a prepolymer blend). In each case the deleterious 
e ffe c ts  of solvent re ten tio n  upon thermal s ta b i l i ty  of polymers prepared using 
solvent methods is  apparent. The poly(aspartim ides) prepared from solu tion  
adducts display lower (- 20-60 "C) decomposition onset tem peratures, T0, lower 
char yields, Yc, and a
Table 3 .4  Polymer Weight Loss on H eating in  N itrogen  a t 2 'C /m inute.
Polymer BMI Molar Tem perature CC) fo r  g iven  Weight Loss (£)
from F ra c tio n 1 5 10 20 30 40 50 60 70
15cs 0.625 236 300 350 390 440 530 690 760 850
15ds 0. 571 218 310 340 370 420 460 570 650 730
15es 0. 556 251 320 350 380 420 535 670 760 840
9 1.000 425 460 470 480 520 650 960 >960 >960
10 1. 000 430 460 465 470 490 540 720 >960 >960
11 0. 625 268 350 380 430 480 570 730 840 940
12 0. 625 250 320 360 420 460 560 700 840 940
13 0. 625 319 360 390 440 500 600 730 830 940
14 0. 625 300 360 390 430 490 580 710 810 940
15c 0. 625 322 360 375 420 470 540 620 670 750
15d 0. 571 231 340 370 420 480 570 670 800 890
15e 0. 556 311 340 360 410 470 550 650 770 860
15f 0. 500 286 330 350 400 460 530 620 680 840
16 0. 571 343 360 370 390 430 500 700 810 860
17 0. 571 314 350 370 400 450 520 620 810 930
16 0. 571 330 360 380 410 440 490 580 >800 >820
Note: s denotes polymer prepared from so lu tion  adduct; (9) and (10) are b is- 
maleimide homopolymers (see Section 2).
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g rea te r maximum ra te  of weight loss, (dW/dt)„AX» than the analogous blend 
poly (aspartimides). This is  represented graphically in Figure 3.11.
The presence of occluded solvent in the polymer may contribu te  to  the 
reduced thermal s ta b ility , but i t  is  possible th a t residual traces  of ace tic  acid 
(the polymerization ca ta ly s t)  may also  be catalyzing the reverse  Michael 
addition reaction  and, hence, the decomposition. The polymers formed from 
prepolymer blends do not contain ace tic  acid in th e ir  preparation (having been 
blended in the melt). The need to  produce so lv en t-less , processible pre-polymers 
is  of importance because as Stenzenberger (1976)<224> noted, acetone and 
methylethyl ketone (frequently used as prepregging solvents fo r bis-maleimide- 
type res in s) can, in the presence of a basic ca ta ly s t (e.g., the diamine 
extender), undergo a Michael addition reaction  with the bis-maleimide, re su ltin g  
in uncontrolled reaction.
(3.9.2) Thermal S ta b il i t ie s  o f  Addition Polyimides
The bis-maleimide and bis-aspartim ide polymer weight losses on heating in 
nitrogen a t 2*C/minute are tabulated  (Table 3.4) and exhibit a va rie ty  of 
in te re s tin g  fea tu res. There is  a very c lear p a tte rn  of s ta b il i ty  re la ted  to  the 
s tru c tu re  of the polymer and i t  is  generally  accepted th a t the thermal s ta b i l i ty  
of poly (bis-maleimides) and poly (aspartim ides) is  influenced by the network 
s tru c tu re . For th is  reason the poly (aspartim ides) w ill in it ia lly  be discussed as 
individual groups, which contain common chain segments, while a ttem pts to  
ra tiona lize  th e ir  re la tiv e  s ta b i l i t ie s  w ill be made la te r .
(3.9.2.1) Thermal S ta b ili t ie s  o f  'Mixed' DDM/PES-type Polymers (15c-15f)
In general, as there  are notable exceptions in each group of compounds, 
the polymers of lowest s ta b i l i ty  (disregarding the so lu tion  adduct polymers 
which have already been discussed) are the ‘mixed* polymers (.15c-15D containing 
both short arylene e ther and methylene links and longer PES-type residues. These 
polymers have s ig n ifican tly  lower onset degradation tem peratures (Tof 231-322‘C) 
and char y ields (Ye, 750-890*0 than the o ther groups. Varma e t  a l <240> noted 
th a t by increasing the amine content in the adduct, the overa ll therm al 
s ta b il i ty  was reduced, but th a t char y ields were e ith e r unaffected  by, or 
increased with, increasing amine concentration. The explanation proposed was 
th a t char-forming condensation reactions are enhanced in the presence of amines,
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but th a t the overall s ta b i l i ty  of the cross-linked polymer was somewhat 
decreased when amines were used in a high molar ra tio . The re s u lts  presented 
here for the polymers of C15), in which the amine content is  system atically  
varied, conflic t with th is  observation (cf. observed weight lo sses of 70% at 
890 *C for a polymer containing a b is-maleimide molar frac tion  of 0.571; and 
840*C for a bis-maleimide molar frac tion  of 0.500). Hsu e t aL (1985)<n5,116’ 
however, reported th a t fo r th e ir  amide-containing Michael adducts the  char yield 
obtained also increases positive ly  with bis-maleimide content.
(3.9.2.2) Thermal S ta b il i t ie s  o f  PES-type Polymers (16-18)
The poly (aspartim ides) containing only PES-type residues (16-18) prepared 
with a bis-maleimide molar frac tion  of 0.571 have much la rg er bridges between 
cross-links, and consequently a lower cro ss-link  density, have degradation onset 
tem peratures in the range <T0, 314-343‘C) and char yields in the range (Ye, 790- 
930*0.
(33.2.3) Thermal S ta b ili t ie s  o f  Arylene E ther- and M ethylene-linked Polymers
(11-14)
The la s t  group under study containing only short chain arylene e th e r and
methylene links are in it ia lly  of comparable thermal s ta b i l i ty  with the ‘mixed’
polymer, but le ss  thermally s tab le  than the PES-extended group (T0, 250-319*0. 
However, the fin a l char yield of th is  group of polymers is  much higher than any 
of the o ther m aterials (Yc, 940*0.
(3.9.3) Discussion o f  Thermal S ta b ili ty  o f  Blend Aspartimide Polymers
As mentioned above there  are anomalies within each group (where an 
addition polyimide containing a p a rticu la r bis-  maleimide content may be
sign ifican tly  le ss  thermally s tab le  than any of the remaining members of the 
group). These anomalies are d if f ic u lt  to  reconcile with the changes in s tru c tu re  
or stoichiom etry th a t may have caused them (assuming th a t the v a ria tio n s  are  
not simply due to  varia tions in sample size  and shape, etc. as d iscussed in 
Section 2.4.3.3), Two such examples are  the polymers of (11) and (12). The former 
has an anomalously low thermal s ta b i l i ty  over the in i t ia l  weight lo ss  (u n til -  
70% weight loss a t which point the char yield is  id en tica l to  those of the
o thers in the group); the la t te r  displays a thermal s ta b i l i ty  th a t is  marginally
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higher than i t s  group members (th is  m ateria l was prepared from b is -(4 - 
maleimidophenyl) e ther (9) and bis- (4-aminophenyl)methane (10). The therm al 
s ta b i l i t ie s  of these polymers of blends containing arylene e ther and methylene 
bridges are of the same order as values reported for sim ilar compounds/281
(3.9.3.1) Relationship between Thermal S ta b il i ty  and Crosslink D ensity
Nanjan e t aL (1989)<177) demonstrated th a t fo r poly(bis-m aleim ides) an 
increase in the length of the maleimide bridge (from one aromatic unit to  two) 
reduced the crosslink density  of the re su ltin g  network, leading to  a decrease in 
thermal s ta b ility . The re s u lts  presented here are  in broad agreement with these 
findings (at le a s t over the in i t ia l  degradation) where the following order is  
observed: PES-type> ‘mixed’ (DDM/PES)-type> DDM/DDE-type. This does appear to  
co rre la te  with a decrease in crosslink  density in the network s tru c tu re .
(3.9.3.21 Influence o f  F le x ib ility  and P olarity  o f  Chain Segments upon Thermal 
S ta b ility
A fu rth er fac to r to  be considered is  the f le x ib ility  and p o la rity  of the 
individual chain segments. Ninan e t al. (1986)<180) noted th a t the thermal
s ta b il i ty  and char yields of the poly (bis-maleimides) th a t they studied did not 
vary greatly , but f e l l  in to  the following order: -0 -  -  p-S02 > -CH2-  > m-S02. 
They postulated  tha t the re s tr ic te d  mobility of the chains in sh o rte r, le ss  
flex ib le bridges (e.g., p a ra -su b s titu ted  segments) was due to  the b e tte r  packing 
afforded by th is  conformation -  leading to  an increase in thermal s ta b il i ty . I t  
was argued th a t in polymers containing p -phenylene groups C-N sc ission  would 
lead to  rad ica l s tab iliza tio n  with resonance, whereas with m -substitu tion  such 
s tab iliza tio n  is  not e ffective. Pascal et aLt}aa,lB9> a lso  report a s im ilar trend 
with th e ir  bis-maleimide/polyimide semi-IPN, where an increase in chain! r ig id ity  
was accompanied by an increase in thermal s ta b ility . Unfortunately, the re s u lts  
presented here are inconclusive on th is  point. Over the f i r s t  5% weight loss  the 
following order is  found meta/meta > para/para >> meta/para. However, a f te r  th is  
point the polymers display sim ilar trends u n til  -  50% weight loss, when the 
order is  rearranged, becoming meta/meta >> meta/para > para/para. Finally a t 70% 
weight loss, there  is  another reversal: meta/para >> meta/meta >> para/para.
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C3.9.3.3) In fluence o f  the Nature o f  the Bridging Link on Thermal S ta b il i ty
Stenzenberger e t aL (1976)<224> proposed th a t the thermal degradation of 
poly (bis-maleimides) is  overwhelmingly a function of the nature of the bridge 
between the succinimide rings. A liphatic bridges are thermally le ss  s tab le  than 
the succinimide rings, and the degradation of a lipha tic  bis-maleimides proceeds 
preferably by cleavage of the bond between nitrogen and an aromatic carbon, 
followed by succinimide abstraction . Thermally more s tab le  aromatic bridges (as 
In the m aterials studied here) cause the degradation to  proceed via succinimide 
ring breakdown, followed by carbon monoxide abstraction , and the formation of a 
macro-isocyanate. FT-IR s tu d ies  made by Barton e t a l  (1990) ° 4> on successively- 
cured samples of bis-(4-maleimidophenyl)methane and bis-(4-m aleim idophenyl)ether 
have revealed the increasing stren g th  of a peak a t « 2200 cm-1, c h a ra c te r is tic  
of the isocyanate group, as degradation proceeds.
(3.9.3.4) A Comparison o f  the Thermal S ta b il i t ie s  o f  Bis-maleimide and 
Aspartimide Polymers
For poly (bis-maleimides), and also  poly (aspartim ides) the in i t ia l  
decomposition is  qu ite  rap id00' 14' 227' 2551, while above 500*C the ra te  of weight 
loss gradually decreases. Ninan e t a l  (1986)0801 a t tr ib u te  th is  phenomenon to  
the extent of cross-linking, in the in i t ia l  s tag e  of decomposition, being le ss  
than the extent of bond rupture. As degradation proceeds, th is  trend is  reversed 
and consequently the ra te  of decomposition fa lls . I t  is  well known th a t Michael 
adducts are of lower thermal s ta b i l i ty  than the corresponding poly (b is- 
maleimides) which have much higher degradation onset tem peratures (of the order 
of -  130#C in the case of the polymers of bis-  (4-maleimidophenyl)methane and 
the aspartim ide containing the same bis-maleimide extended with b is - (  4- 
aminophenyl)ether.<227> Crivello (1973)‘53> performed TGA (in a ir  and n itrogen) on 
a se r ie s  of poly (aspartim ides) and noted th a t in both atmospheres the  onset of 
decomposition occurred a t -  350 #C (suggesting th a t the prime mode of
decomposition is  a thermal process ra th e r than an oxidative one). C rivello  a lso  
postulated rev ersa l of the Michael addition reaction  as a likely  pathway of 
fragmentation. He also found*531 th a t the char yields for the chain-ext ended 
polymers were a l l  somewhat lower than those obtained for the corresponding 
poly (bis-maleimides) and a ttr ib u te d  th is  to  the inclusion of the  therm ally 
sen sitiv e  -NH- linkages.
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(3.10) Introduction to Dynamic Mechanical Properties
Several system atically  varied polyimide systems have been prepared tha t 
i l lu s tr a te  the e ffec t of diamine s tru c tu re  on the g lass  tra n s itio n  tem perature 
(Tg). The tendency is  for g lass  tra n s itio n  tem perature to  decrease as the 
polymer goes from an a l l  para catenation to  a l l  met a. The explanation is  th a t an 
overall decrease in Tg co rre la tes  with backbone flex ib ility ; however, the ortho- 
containing polymers contradict th is  theory with th e ir  Tg being considerably 
higher than expected. Highly dipolar bridging groups such as carbonyl and 
sulphonyl impart higher Tg than do groups such as oxy or methylene.
(3.10.1) Dynamic Mechanical Properties o f  Poly (aspartimide) Resin Samples
The dynamic mechanical p roperties for the cured specimens of a l l  the 
blends are shown in Table 3.5, and depicted for two se r ie s  of blends in Figures
3.12 and 3.14. I t  is  generally  accepted tha t Tg is  determined by a combination 
of cro ss-link  density and the r ig id ity /p o la rity  of the chain segments between 
chain links. However, to  date there  have been few attem pts to  undertake a 
system atic study to  inv estig a te  the re la tiv e  importance of these fac to rs . In the 
course of the current research, measurements were made of the sto rage  and loss 
moduli (E1 and E"), and tanS for cured neat res in  samples of each of the se r ie s  
of the eight prepolymer blends (the so lu tion  adducts were not considered 
su itab le  for study considering th e ir  poor performance in s tu d ies  involving DSC 
and TGA). The Tg of the samples (see Section 2.4.4.3) is  defined em pirically by 
measurements of both the LogE" peak and tan6 peak maxima (however, the LogE" 
value is  quoted in preference to the more optim istic  tan6 value, which can occur 
some 30-40 *C higher than the former).
The phenomenon of the inhib ition  of cure when Tg -  Tc, where Tc is  the 
isotherm al cure tem perature, and the continued cure reaction  when Tc is  ra ised  
above Tg is  well known. This has already been demonstrated fo r b is -4 -(4 - 
maleimidophenoxy)phenylisopropylidene by Harvey e t  a l.<98' 99) and for the 
commercial aspartim ide Kerimid 601 by Di Guilio e t al*6"  and Leung e t al.l237i
(3.10.2) Linear Dependence o f  Tg with Crosslink Density
For blend ( 15) a s e r ie s  of castings were prepared with system atically  
varying cross-link  d en sities  (by a lte rin g  the re la tiv e  bis-maleimide content of
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3.12 Composite DMTA plot (2X/minute, 10 Hz, single cantilever under 
nitrogen) for neat resin samples o f prepolymer blend (15).
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Figure 3.13 Plot of g lass transition temperature (T0> vs. BMI mole fraction for  
neat resin samples o f prepolymer blend (15).
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the blend). Figure 3.12 depicts the composite plot of LogE' and LogE" for each 
bis-maleimide molar frac tion  of (15) as a function of tem perature. The Tg of the 
samples (obtained from both LogE' and tanS maxima from these data) were p lo tted  
against the bis-maleimide content of the blend (expressed as moles frac tion  of 
bis-maleimide) and are shown in Figure 3.13. Each plot consists  of four points 
(corresonding to  each of the molar ra tio s), and a linear re la tio n sh ip  is  
demonstrated between Tg and the crosslink density of the adduct. The adherence 
to  the line is  not absolute, but deviations from the proposed line  may be partly  
explained from the d iff icu lty  in determining the maximum of a broad peak such 
as th a t representing  the LogE" peaks shown. Kwiatkowski e t al. (1975)<,40> 
reported th a t for a s e r ie s  of bis-m aleim ide-term inated oligomeric 
polyethersulphones, the Tg increased as the oligomeric length was system atically  
decreased, while Mohanty e t al. (1989 and 1990)tl50‘151J investigating  a se r ie s  of 
maleimide-terminated amorphous poly (arylene e ther sulphones) and poly(arylene 
ether ketones) of controlled high molecular weight, demonstrated th a t very 
su b stan tia l increases in toughness were obtained by increasing the molecular 
weight between cross-links (while re ta in ing  a reasonably high Tg).
(3.10.3) E ffec t o f  Chain F le x ib ility  Upon Tg
For the PES-type prepolymer blend adducts (16-18) the s itu a tio n  is  
somewhat d ifferen t. The a l l-m eta  combination (16) displays the lowest Tg of the 
group (204*C); the a l l-para  combination (18) the highest (239*C); and the mixed 
meta/para combination (17) in term ediate values (195*C, 233*C) (Figure 3.14). This 
is  in agreement with mechanical measurements of Tg carried  out on various 
meta/para combinations of poly (aspartim ides) using TMA and DSC, by Bell e t al. 
(1986),<28> who also reported the same trend. Pascal e t al. (1989 and 
1990)U88*,89) reported values of Tg for th e ir  bis-maleimide/polyimide semi-IPN of 
below 200 *C, consistent with the presence of flex ib le  meta-phenoxy linkages in 
the polyimide backbone. The higher Tg of another m aterial containing a pyridinic 
ring was a ttr ib u te d  to  the polar character of the heterocycle which confers 
higher interm olecular cohesion.
The LogE" traces shown in Figure 3.14 reveal tha t the peaks are  very 
broad, and in the case of the meta/para poly (aspartimide) (17) the trace  is  
d is tin c tly  bimodal. This apparent bimodality may be a ttr ib u te d  to  one of two 
reasons: a) That the cure schedule may be in su ffic ien t to  e ffe c t fu l l  cure 
(which appears unlikely as i t  was adequate for the other two systems in the
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Figure 3.14 Composite DMTA plot (2 'C/minute, 10 Hz, sing le  cantilever under 
nitrogen) for neat resin samples of PES-type poly (aspartimides) 
(16), (17), and (16).
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group d iffe rin g  only in the o rien ta tio n  of the segments); or b) The p o ssib ility  
th a t there  is  some phase separation  occurring in the network. If  th is  is  indeed 
the case then there  may ex is t in the network s tru c tu re  areas of d iffe rin g  
morphology (i.e., perhaps d isc re te  areas of polymer containing the a l l  -m eta  and 
a l l -para  combinations), re su ltin g  in two values of T0 observed for the polymer 
(which correspond to  those observed in e ith e r of the a ll-m eta  and a l l-para  
combinations). The concept of semi- and fu lly  in te rp en etra tin g  network re s in s  is  
fu rth e r discussed in Chapter 5.
(3.10.4) Dynamic Mechanical Properties of Polymers from Aspartimide Blends 
containing Short Arylene Ether and Methylene Links
Finally, in the case of the aspartim des containing the sh o rte r chain 
residues the s itu a tio n  is  more complex. The LogE" curves a l l  displayed a t le as t 
two broad peaks, and Tg ranges from the lowest value of 235 *C for (12), which 
coincides with a p a rticu la rly  low thermal s ta b i l i ty  as measured by TGA for th is  
specimen -  see Section 3.9.2, to  275-281 *C for the remainder of the group; the 
second tra n s itio n  is  observed a t 307-320’C. The cure schedule (170*C, 12 hours, 
200 psi; 200 *C, 1 hour; 230 *C, 2 hours) appeared to  be in su ffic ien t to  e ffec t 
fu ll  cure of the polymer, and the resin  underwent fu rth e r curing during the 
DMTA scan. Had the m aterials been repeatedly cycled (as were subsequent cyanate 
monomers and blends) i t  is  likely  th a t a value of Tg in the region of 450 *C 
would have been obtained. Leung e t aL<237> examined the e ffec t of various cure 
tem peratures (130 *C, 180*C) upon d iffe ren t blends of Kerimid 601 and found th a t 
the time taken to  reach an equilibrium  value of Tg of -  170-190 *C was dependent 
upon cure temperature, but th a t the u ltim ate Tg was v irtu a lly  id en tica l fo r the 
two mixtures containing an equimolar blend and a tw o-fold b is -maleimide excess 
(where a diamine deficiency ex is ts , the Ms-maleimide double bonds c ro ss-lin k  to  
ra ise  the Tg). Leung e t a l <,46> also  demonstrated th a t computer modelling of the 
predicted Tg agreed well with experimental values up to  -  95% conversion a t 
which point v itr if ic a tio n  probably occurs (a figu re  which is  in agreement with 
the k inetic  re su lts  presented herein). Crivello (1973)<5^ , a lso  reported soften ing  
points for linear so lu tion  poly (aspartim ides) containing these arylene e th e r and 
methylene residues of 210-235*C (a fte r curing a t 100-110*C for th ree  days). A 
sample of 4,4,-bis(4-maleimidophenyl) methane was examined as a reference 
m aterial, and although in su ffic ien tly  cured under th is  cure programme, the 
ultim ate Tg a tta ined  (a fte r cycling) was 430*C.
I t  must be noted th a t while the cure schedule used was in su ffic ien t to  
e ffec t complete cure of the short arylene e th e r- and methylene-linked m aterials, 
the need to  ra ise  the isotherm al cure tem perature s t i l l  fu rth e r would come 
uncomfortably close to  the onset of therm al/oxidative degradation (see Section 
3.9). Therefore, in some cases i t  may be impossible to  e ffec t fu l l  cure of the 
polymer without in itia tin g  some degradation of the product.
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-105-
<4,1) Introduction to  Cyanate Esters
Commercial cyanate e s te r  o r tr iaz in e  re s in s  are bis-phenol deriva tives 
which contain the  polymerizable -0-C=N functional g ro u p /105*210"2141 They can be 
cured, using a su itab le  ca ta ly s t, to  form cross-linked, thermoset networks which 
are  co rrectly  termed poly(cyanurates). Their main areas of app lication  in the 
past have been prin ted  c irc u it boards (PCBs), but they a re  now becoming more 
important as aerospace composite m atrix m aterials, especially  since the  re s in  
system chosen fo r an advanced s tru c tu ra l  composite p ro jec t is  an 
epoxy/dicyanate ester/b is-m aleim ide blend.<206>
Among the advantages claimed for cyanate e s te r  re s in s  are  th e ir  high 
purity  and th e ir  a b ility  to  cure to  produce networks with a combination of high 
g lass  tra n s itio n  tem perature <TB) and favourable toughness p roperties . Their 
therm osets have low d ie le c tr ic  loss c h a rac te ris tic s  and exhibit lower m oisture 
uptake than e ith e r conventional epoxy res in s  or bis-maleimides*106*210"2145. In 
addition the re s in s  undergo a volume expansion a f te r  gelation  which makes fo r 
low overall cure shrinkage. They are  a lso  reported  to  have a lower to x ic ity  than 
epoxies and th e ir  associated  diamine h a rd en e rs /106*21 °"214 5
(4.1.1) H istorical Perspective
The f i r s t  attem pts to  synthesize cyanate e s te rs  were carried  out in 
1857/4a> In the main, in v estig a to rs  tr ie d  to  solve th is  syn thetic  problem by the 
reaction  of phenoxides (or alkoxides in the case of alkyl cyanate e s te rs )  with 
cyanogen h a lid e s /48*72*96,108,112,113,173,178,191,187,202 5 but were unable to  iso la te  
cyanate acid e s te rs  and the main reaction  products were cyanuric acid e s te rs . 
Nevertheless Stroh and Gerber*2341 and la te r  others*100"103*1875 succeeded in 
synthesizing cyanate e s te rs  in th is  way from s te r ic a lly  hindered phenols (Scheme
4.1):
R R
Hal CN
^  O — C = N  + K  (Na) Hal
R R
where R = te r t -C4H* and R‘ = CsH*.
Scheme 4.1 Preparation of cyanate e s te rs  from hindered phenols
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In was not u n til 1963-4 th a t severa l new syn thetic  procedures were 
proposed for th is  c lass of compound/82* 12°*,2’*1S6-1S8*16’*,87> Around the same time, 
a lte rn a tiv e  rou tes were arrived  a t independently by Hedayatullah and 
Denivelle0 00-103*187 ’ and Martin* 156“’66,187> who prepared both arom atic and
a lip h a tic  cyanates from the thermal decomposition of 1 ,2 ,3 ,4 -th ia triazo les, and 
Jensen and Holm009*no*120-122*187* who synthesized cyanates from thioamide e s te rs  
and metal oxides (see Scheme 4.2 below).
NaOH
ArOH + CSC12  ------ ► AiO-----C-
II
S
■Cl
NaN3
RO
\
C=t =N
N
-N,
- S
A r— O — C = N
1/2 Cl2
1/2RO C S - S — C S -O R   -► RO— C S -C I
- S
/  N
1/2 RO C S - S — CH2-C O O H  ►  RO— C S - N H -N H 2 HN0 2
C = = N -N -
-S
R— O— C
R— N = C
Scheme 4.2 A lternative Cyanate e s te r  preparations
The f i r s t  in d u s tr ia l preparation of a ry l cyanate e s te rs  was achieved in 
1963 by workers a t Bayer AG,<78"89*,87, who reacted  phenols with cyanogen halides 
in the presence of a hydrogen halide acceptor to  prepare mono- and d ifunctional 
cyanate e s te rs  of low molecular weight. The reaction  takes place a t 
tem peratures between -20* and 20*C in an organic solvent (e.g., acetone) and the 
yields are  nearly q u an tita tiv e  (Scheme 4.3):
+ base
Ar-OH + XCN ■» Ar-0-C=N + base.HX
where X = Chlorine or Bromine.
Scheme 4.3 Bayer AG cyanate e s te r  preparation
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A number of o ther methods of cyanate e s te r  preparation have been 
described in the l i t e r a tu r e /91*102*109*119*125*258*1871 but the Bayer syn thesis  found 
most use as i t  is  a simple reaction  which re s u lts  in high y ields of the desired 
product. A number of reviews on the syn thesis and p roperties of cyanate e s te rs  
have been pub lished /78*89* 103‘122*16S*167*187*1921
Commercial laminating re s in s  were not available u n til  1976 when Bayer AG/ 
Mobay Chemical Corporation introduced Triazine A res in  (an experim ental res in  
based on a prepolymer of 2,2‘-bis(4-cyanatidophenyl)isopropylidene, weight 
average molecular weight * 2000). The re s in  was available as a 70% so lu tion  in 
MEK and was purported to  exhibit superior physical p roperties  to  epoxies. 
However, th is  product was withdrawn from the market in 1978 a f te r  problems 
were experienced with poor steam resistance.
The Bayer process was licensed to  M itsubishi Gas Chemical Corporation who 
introduced BT-resins in the la te  1970s/3***1701 The resin s comprised blends of 
2,2'-bis(4-cyanatidophenyl)isopropylidene and bis-maleimides in which the 
laminate moisture problem had been eliminated, but which were more b r i t t l e  and 
had higher d ie lec tr ic  loss c h a ra c te r is t ic s /3* °  M itsubishi claim th a t the 
therm osetting of the re s in  takes place by chemical in te rac tion  between the 
cyanate and maleimido o le fin ic  bond/170 * I t  is  a lso  claimed th a t the re s in  w ill 
reac t with o ther epoxy-containing resins. However, no data are given to  support 
these claims th a t the cyanate group reac ts  with these functional groups. The 
question of the cyanate ester/m aleim ide co-reaction  is  fu rth e r addressed in 
Section 5.7.
In 1984 the Bayer p a ten ts  and manufacturing r ig h ts  were licensed to  Hi-Tek 
Polymers, Incorporated (formerly In terez, Inc.) who concentrated on finding an 
improved process for producing high purity  ( > 99%) monomers from a range of 
bis-phenol precursors. This led to  the in troduction of a number of a ry l 
dicyanate e s te r  monomers and prepolymers in 1985-6/210-2141 The m oisture 
problems experienced by the Triazine A re s in s  have been solved by the exclusion 
of carbamate im purities from the monomers. A fu rth e r cyanate e s te r  re s in  known 
as XU7187.02L, based on dicyclopentadiene was introduced by Dow Chemical 
Company in 1986, and has been shown to  have favourable p ro p e r tie s /1191
108-
(4.1.2) Reactivity o f  Aryl Cyanate Esters
Aryl cyanate e s te rs  are  more reactive  than n i t r i le s  because of the more 
e lec troph llic  p roperties of the carbon in the CeN group, which is  in tu rn  due to  
the electron-accepting e ffec t of the aryloxy g ro u p /164*16S*187 * Martin and 
Brause<166*187> estab lished  th a t the oxygen atom in compounds of the general form 
HR-O-CeN has an electron-donating e ffec t on the aromatic group, and a t the same 
time en te rs  in to  mesomeric in te rac tion  with the carbon of the n i t r i l e  group. 
However, the involvement of the unpaired elec trons of oxygen in the mesomerism 
of the ring is  g rea te r than in the n i t r i le  group of ary l cyanate e s te r s  which 
promotes the enhancement of the e lec tro p h ilic  p roperties of the carbon of the 
CeN group (Figure 4.1):
At the same time, like n i tr i le s , a ry l cyanate e s te rs  exhibit nucleophilic 
p roperties due to  the presence in the CeN group of the lone e lec tron  p a ir of 
the n itrogen atom and of electron-donating x-bonds. The cyclo trim erization  of 
cyanate e s te rs  is  therefo re  accelerated  by ca ta ly s ts  of both anionic and 
cationic type, depending on whether the nucleophilic n itrogen atom, or the 
e lec troph ilic  carbon atom is  attacked.
Nucleophilic reagents react with a ry l cyanate e s te rs  under mild conditions 
and the addition is  catalyzed by both acids and b a se s /42*87*89*,60*,62> Reagents 
with a nucleophilic 0, S, or N atom bearing a lab ile  hydrogen atom read ily  add 
to  the CeN group of a ry l cyanate e s t e r s /42*88* and when heated the newly-formed 
compound generally  undergoes cleavage with the formation of the phenol from 
which the cyanate e s te r  is  derived (e.g., phenols add smoothly to  a ry l cyanate 
e s te rs  to  yield symmetrical or asymmetrical b is-ary lim idocarbonates)/42* ,0°* ,0,*253> 
Cyanic acid w ill co-trim erize with the a ry l cyanate e s te rs  to  give d ia ry l 
cyanurates together with traces  of monoaryl cyanurate.
+8 -8
Ar
Figure 4.1 Mesomerism in Cyanate E ster Monomer
The reaction  of a ry l cyanate e s te rs  wth nucleophiles which have two 
available hydrogen atoms on the 0, S, or N atom can lead to  various 
p ro d u c ts /42* 82*84-86) When oxygen or sulphur is  involved, the a ry l cyanate e s te r
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is  converted to  the carbamate or thiocarbamate. Where X = NH or NR, a 
bis(imidocarbamate)imide may be formed; ring  closures may also  re su lt. The 
addition of water to  a ry l cyanate e s te rs  proceeds rapidly and almost
quan tita tive ly , even in weakly acidic s o lu tio n s /42*163* Free primary amines 
combine with two molar equivalents of cyanic e s te r  with the formation of 
iminobiscarbamic e s t e r s /42*84* Under certa in  conditions (in aqueous so lu tion  with 
ammonium s a l t s  of weak acids) the reaction  does not stop  a t the Ms(imido 
carbonate) imide, but continues with the loss of phenol, to  form the s - tr ia z in e  
derivative.
The reactions of cyanate e s te rs  with compounds containing a nucleophilic 
carbon atom re su lt in the formation of a carbon-carbon bond/42*84* Aryl cyanate 
e s te rs  react with Grignard reagents d irec tly  to  form n i t r i le s  although no
interm ediate can be is o la te d /42*110* and a number of reactions of a ry l cyanate 
e s te rs  lead to  d irec t ring closure and formation of s - tr ia z in e  d e r iv a tiv e s /42*88* 
I t  is  known th a t e lec troph ilic  addition to  the 0-C=N group of the a ry l cyanate 
e s te rs  proceeds le ss  readily  than addition to  the corresponding n i t r i le s  (for
reasons already explained above).
Even in the absence of any of the above mentioned functional groups 
capable of reacting  read ily  with the cyanate e s te r, tr is (a ry lo x y )-s -tr ia z in e s  are 
formed almost q u an tita tive ly  by the thermal trim erization  of a ry l cyanate
e ste rs . The trim eriza tion  is  known to  be promoted by protonic acids, Lewis acids, 
and also b a se s /42*1S9* The addition of phenol, an active hydrogen donor, is  a lso  
known to  promote tr im e r iz a tio n /187*210-214* Two reviews on the reactions of cyanic 
e s te rs  have been published, one in 1967t89> and another in 1972/78*
In recent years, Korshak and co-workers0 34*187* put forward the concept of 
the heterogeneity  of polymer linkages due to  the occurrence of a number of side 
reactions, apart from the main reaction  involving the formation of the polymer 
system. Such ‘defec ts’ or ir r e g u la r it ie s  in the s tru c tu re  of a p a rtic u la r  polymer 
usually leads in most cases to  an impairment of p roperties  such as heat 
resistance  and thermal s ta b ility , and physicomechanical parameters, etc. The high 
se le c tiv ity  of the cy clot rimer izat ion of 0-C=N groups is  c h a rac te ris tic  of the 
polycyclotrim erization of dicyanate e s te rs  with the formation of cross-linked  
polymers. This is  one of the fundamental fea tu res  of the polycyclot rim er iz a t ion 
of these groups, which d istingu ishes them from o ther functional groups (e.g., 
n i tr i le ,  isocyanate, ethynyl, etc.) which undergo sim ilar reaction  mechanisms.
3 ( NEEEC O* ;==N ) Dicyanate monomer
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Figure 4.2 Dicyanate ester  cure mechanism.
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Furthermore, when carried  out under certa in  conditions, the cyclot rimer iza t ion of 
the cyanate groups of tricyanate  e s te rs  proceeds with v irtu a lly  q u an tita tiv e  
conversion/1875 Investigations of the cyclot rimer iza t ion of monofunctional 
cyanate e s te rs  led to  the iso la tion  of cyanurates in q u an tita tiv e  y ields while 
using a varie ty  of analy tica l techniques (e.g., in frared  spectroscopy, ESR, and 
chromatographic methods)'33*89' 16S*1875 fa iled  to  detect the presence of side 
products (e.g., dimers, linear polymers, e tc ) . Pankratov e t a l ^ B7i discussed the 
po ssib ility  of side reactions occurring in the polycyclot rim er iza t ion of 
dicyanate e s te rs  as being small, and believed th a t the fac to rs  discussed above 
promote the achievement of ‘pure* polycyclotrim erization with few defects  and 
the formation of highly cross-linked  polymers with a largely  regu lar chemical 
s t ru c tu re /33*1875 However, more recently  Wertz'2895 speculated th a t the short 
d istances between c ro ss-links in 2,2’-  b is  (4- cyanatidophenyl)isopropylidene
increase the chance tha t, during polycyclotrim erization, c ro ss-links form between 
groups tha t are part of the same molecular c lu ste r. As a re su lt, the network 
contains a large number of in te rn a l rings, and re la tiv e ly  few of the c ro ss-lin k s  
act to  t ie  the network together, producing a network with unexpectedly good 
toughness p ro p e rtie s /2895
<4.1.2.1) The S ta b il i ty  o f  the R esulting  Crosslink upon Cyclotrimerizatian
The s-  triaz in e  ring  which re s u lts  upon cross linking is  therm ally very 
s tab le  (with a s tab iliz a tio n  energy which has been estim ated using calo rim etric  
d a ta '33*1875 as approaching th a t of the benzene ring). The s - tr ia z in e  ring  does 
resemble benzene in a number of ways: The bond angles a t both the carbon and 
nitrogen are in the v ic in ity  of 120% and in s - tr ia z in e  i t s e l f  the C-N d istances 
are a l l  equal and the ring p la n a r /2165 I t  has been noted '33*1875 th a t the  ring  is  
s tab ilized  both as a re su lt of the delocalization of electrons, with formation of 
a system resembling the Tt-electron system of the benzene ring, and by the 
p a r tia l po larization  of the ring nitrogen-carbon bond (the bond tends to  become 
polarized due to  the g rea te r e lec tronega tiv ity  of the nitrogen over the carbon 
atom). There is  ample evidence which might suggest the existence of such 
arom aticity in the s - tr ia z in e  ring. This arom aticity  is  probably g re a te s t when 
electron withdrawing groups are attached to  the carbons and lowest when 
electron-donating groups are a tta c h e d /42*1955 Thermal s ta b i l i ty  would th e re fo re  
be p rac tica lly  lim ited by the bridging links adjoining adjacent tr ia z in e  rings.
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(4.1.2.2) Advantages o f the Triazine System
The incorporation of triaz in e  in to  polymers to  improve the thermal 
s ta b il i ty  is  not a new concept. As early  as the 1930s, melamine-formaldehyde 
polymers were obtained by the condensation of melamine and formaldehyde. These 
polymers have subsequently found large scale  application. Many other 
investiga to rs  have also  incorporated triaz in e  rings in to  various polymers. Most 
have done so by the reaction  of an s - tr ia z in e  derivative, usually  through 
condensation reac tio n s '42*176*186*2895 A large part of the in d u s tr ia l significance 
of tr iaz in e  is  confined to  th ree  derivatives: cyanuric chloride, cyanuric acid, 
and melamine. Unfortunately, a l l  of these processes involve the re lease  of small 
molecules and/or the use of solvents other than water,
A b e tte r  method of incorporating the tr iaz in e  ring in to  polymers is  
through formation of the ring  in s itu ., via an addition reaction. N itrile s , 
unlike cyanates are re lu c tan t to  undergo cyclotrim erization to  the s - tr ia z in e  
ring (for the reasons outlined above in Section 4.1.2) although acidic and basic 
ca ta ly s ts  do appear to  f a c i l i ta te  the reac tio n .'42*1295 The use of high p ressu res 
allows a la rger varie ty  of n i t r i le s  to  be cyclotrim erized (th is  p ressure  e ffe c t 
is  probably due to  a negative volume of activation , ch a rac te ris tic  of addition 
reactions in general, but especially  of cycloadditions). Inductively-withdrawing 
su b stitu en ts  in the alpha position  give r is e  to  a lower e lec tron  density  a t the 
carbon and enhance e lec troph ilic  re a c tiv ity  of such n i t r i l e s '42*1865 In addition 
to  the requirement of high pressures, n i t r i le s  are  also  suscep tib le  to  lin ea r 
polymerization. In th is  instance, linear polymerization is  an undesired side  
reaction.
In con trast to  n itr i le s , a ry l cyanate e s te rs  undergo trim eriza tion  
exceptionally readily. As discussed e a r lie r  i t  is  a se lec tiv e  process and almost 
quan tita tive . Aryl cyanate e s te rs  are qu ite  s tab le  a t room tem perature, but upon 
heating, trim erize to  the therm ally s tab le  a ry lo x y -s-triaz in e . In co n trast, a lkyl 
cyanate e s te rs  are comparatively le ss  s tab le  a t room tem perature and a lso  le ss  
se lec tive  in th e ir  re a c tiv ity . '42* 121 *,22*2885 On the application of heat they tend 
to isomerize to  alkyl isocyanates and then fu rth e r react to  alkyl 
isocyanurates.'42*122,189*161 *1285 There is  reason to  believe th a t th is  reac tio n  is  
au tocataly tic , and th is  type of behaviour has also  been noted to  occur in alkyl 
cyanate e s te rs  even a t room tem perature.'42*1205 T rialkyl cyanurates have been 
iso lated , but as the tem perature is  increased, isom erization takes place. The
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behaviour in th is  fashion of alkyl cyanate e s te rs  r e s t r ic ts  the in d u s tr ia l 
application to  the cyanate e s te rs  of aromatic compounds (the g re a te r  therm al 
s ta b il i ty  of which recommend th e ir  application to  the fie ld  of high performance 
polymers).
(4.1,3) S tructu re  and Properties
The s tru c tu re s  of some a ry l cyanate e s te r  monomers are  shown in Scheme 1, 
and some of th e ir  p roperties are shown in Tables A.4 and A.5 in Appendix 2.1. 
Monomers (4-6) are commercially available, and (20) and (21) are  both novel 
m aterials prepared in the course of th is  research. The presence of ortho-methyl 
su b stitu en ts  in (5) (see scheme 2, Appendix 2.1) and cycloaliphatic hydrocarbon 
groups in (23) re su lt in these m aterials exhibiting  p a rticu la rly  low m oisture 
absorption, whereas compound (T) has enhanced flame re tard ing  ch a rac te ris tic s . 
The s tra teg y  of incorporating asymmetry in to  the s tru c tu re s  of commercial 
resin s  (23) and (I) has been successfu lly  adopted to  lead to  products with low 
melting points. In the m aterials newly produced in the course of th is  work, the 
presence of the a lly l functional groups re su lt in (21) being a low-melting so lid  
and (20) being a v o la tile  liquid. In the case of the d ifunctional m ateria ls, th is  
fea tu re  could allow these m aterials to  be used as possible reactive  d iluen ts , by 
allowing the fu rth er co-reaction  of o ther reactive  species (see Section 5). 
Cyanate e s te r  res in s  are available commercially both as monomers and as 
p a rtia lly -reac ted  prepolymers with 30% to  50% conversion of the cyanate
functionality , e.g., (4a) and (5a). These m ateria ls allow the molecular weight and 
rheology to  be adjusted over a wide range (allowing the res in  to  be ta ilo re d  
for the application), with reportedly  no de le terious e ffe c ts  on fin ished
p ro p e rtie s /210-2145 Cured cyanate e s te r  re s in s  (or polycyanurates) a re  reported  
to  have sim ilar toughness and adhesion p roperties  to  those of d ifunc tiona l 
epoxy res in s  together with a ceiling  in term ediate between te tra fu n c tio n a l epoxy 
re s in s  and toughened bis-m aleim ides/105' 210-2145
To date, the most widely investigated  dicyanate in the l i te ra tu re  is  th a t 
of Bisphenol-A. When trim erized, as would be expected, m ateria ls  from th is  
monomer have a re la tiv e ly  high cross-link  d e n s ity /425 Highly cross-linked
m aterials generally  have very good te n s ile  s treng th , but very poor impact
resistance. These very low molecular weight d ifunctional cyanate e s te r s  a lso  
have very good adhesive s tren g th  when crosslinked as te s ted  by lap shear te s ts ,  
but the adhesive jo in ts  frac tu re  easily  when shocked/425 By increasing the
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length between the cross-links i t  is  likely th a t the impact re s is tan ce  would be 
improved. Cercena'425 explored the fe a s ib il ity  of using ary l cyanate e s te rs  as 
term inal reactive  groups fo r cross-linking  oligomers of varying lengths, and 
evaluated the re su ltin g  oligomers fo r thermal s ta b i l i ty  and physicomechanical 
p roperties.
Wertz and Prevorsek'2595 point out th a t two important th ings occur during 
cyanate e s te r  cure: f i r s t ,  the dicyanate e s te r  c ro ss-links to  form therm ally 
s tab le  triaz in e  rings without evolution of v o la tile s , and secondly, the cross­
link density is  qu ite  high. I t  was pointed out th a t the high c ro ss-lin k  density  
is  a major reason for the high T0 of the dicyanate net work,'259 5 but given the 
extremely short d istance between cross-links and the s t if fn e s s  of the 
bisphenol-A groups between the cross-links, the elongation to  break of the 
dicyanate bisphenol-A SIPNs is  su rp rising ly  high. The issue ra ised  by Wertz and 
Prevorsek as to  why the dicyanate e s te r  network is  so flex ib le  desp ite  i t s  
extremely high c ross-link  density  has not yet been completely explained. I t  was 
believed th a t the short d istances between cross-links increase the chance tha t, 
during cure, c ross-links form between groups th a t are part of the same 
molecular c lu ster. As a re su lt, the network contains a large number of in te rn a l
rings, hence, re la tiv e ly  few of the c ro ss-links act to  t ie  the network
toge ther.'2695
(4.1.4) Curing o f  Cyanate E ster  Resins: The Cyclotrim erization Mechanism
The homopolymerization of cyanate e s te rs  involves cyclotrim erization to  
form triaz in e  or cyanurate rings, followed by fu rth e r crosslinking to  form a 
polycyanurate, as shown in Figure 4.2. The reaction  proceeds only very slowly a t 
170-200*0 unless a su itab le  ca ta ly st is  used (e.g., organom etallic compounds 
such as the carboxylates and chelates of copper, zinc, manganese, tin , nickel and 
others, together with a co -cata ly st containing an active  hydrogen compound).
In the past, the ra th e r haphazard approach to  curing re lied  on the
presence of active hydrogen-containing im purities in the re s in  (e.g., carbamates 
or absorbed moisture). However, the e ff ic ie n t curing of modern, highly-pure 
cyanate e s te rs  requ ires non-vo latile  hydroxyl-containing co -ca ta ly s ts  to  be 
added, and in order to  achieve safe  ca ta ly s is  of hot melt form ulations the
so lu b ility  of the metal carboxylates and chelates needs to  be enhanced. These 
requirements are conveniently met by dissolving the coordination m etal compound
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in a small amount of non-vo la tile  liquid  alkylphenol such as nonylphenol.
214 )
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Although th is  cyclotrim erization reaction  has been known to  occur for many 
years,095’ the mechanism and the fac to rs  a ffec tin g  i t s  ra te  have only recently  
been explored. The mechanism of the reaction  is  thought to  be as i l lu s tra te d  in 
Fig 4 ,3 .<**.2 io-2 n> The r61e of the coordination metal ca ta ly st is  thought to  be 
to  gather cyanate groups in to  close enough proximity to  form the  s - tr ia z in e  
ring. The ring closure may then proceed by e ith e r  an an io n -in itia ted  ionic 
mechanism or, as shown in the Figure, by an active  hydrogen tra n s fe r  via the 
imidocarbonate interm ediate.
o hor' o h o
■ 4 4 < K > c< ° - r -
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Figure 4.3 Proposed Mechanism of Catalyzed Cyanate E ster Cyclotrim erization
Soluble tran s itio n  metal cations are of the order of ID*, tim es more 
e ffec tiv e  a t promoting rapid gelation  than are active hydrogen acce le ra to rs .<10S’ 
However, a f te r  the gel point active hydrogen compounds are b e tte r  than 
tran s itio n  metal ions a t achieving high degrees of conversion. This is  thought 
to  be because the p robability  of the formation of the bulky three-membered 
grouping necessary for cyclotrim erization becomes very unlikely in  a gelled  
network (and hence, a d iffe ren t mechanism probably predominates during the 
la te r  s tages of reaction). Shimp<2,0"2,4> has speculated th a t the p rinc ipal process 
may be a step-grow th mechanism via an imidocarbonate.
I t  is  very important to  se lec t a ca ta ly s t to  give the maximum degree of 
conversion since the long term s ta b i l i ty  of polycyanurates is  dependent on the 
absence of unreacted cyanate groups trapped w ithin the network. Over a period 
of time these can react with m oisture in the atmosphere to  form imidocarbonic 
acid interm ediate which rearrange to  carbamates (as explained in Section 4.1.2).
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At high tem peratures ( > 200*C> carbamates decompose with the evolution of 
carbon dioxide gas which can cause network swelling, and b lis te rin g  on the 
surface of the re su ltan t matrix resin .
In practice, with the correct choice of ca ta ly st, v irtu a lly  complete ( >95%) 
reaction  of the cyanate e s te r  is  possible w ithin reasonable time scales. In 
general, the p referred  c a ta ly s ts  are compounds of zinc, copper and cobalt,005*2,0_ 
214> while severa l more active tran s itio n  metals have the disadvantage of
promoting hydrolysis of the otherwise s tab le  e s te r  linkage. P articu la r c a ta ly s ts  
are known to  confer specific  p roperties in the re su ltin g  network: chelated 
metals (e.g., acety lacetonates) are  reported to  be b e tte r  than octoates or 
naphthenates for long term thermal s ta b il i ty .005*210-2,4 5 Of the m etals mentioned, 
copper is  the most e ffec tiv e  a t producing high conversions a t reasonable cure 
tem peratures, and zinc and cobalt c a ta ly s ts  provide the maximum long term 
moisture and steam res is tan ce .005* I t  is  a lso  important to  s to re  cyanate e s te r  
resin s in dry conditions and to  remove absorbed moisture by purging with
nitrogen gas during melting and heating since water is  a potent 
cyclotrim erization ca ta ly st (see Section 4.1.2). A moisture content of 0.1% has 
been shown to  increase the reaction  ra te  a t 170*C by tw enty-fold.005*
(4.1.5) Spectral Features o f  Aryl Cyanate E sters
Both alkyl and a ry l cyanate e s te rs  have been discussed together in e a r lie r  
sections concerning re a c tiv ity  in order to  fa c i l i ta te  a con trast between th e ir  
properties. Again, alkyl and a ry l cyanate e s te rs  display both common and 
d iffering  fea tu res in e.g.f th e ir  in frared  and nmr spectra. However, in th is  
Section only a ry l cyanate e s te rs  w ill be discussed in any depth, as the  work 
carried  out in th is  th e s is  (and hence the spectra  presented) concerns only 
m aterials of th is  type.
<4.1.5.1) In frared and Raman Spectroscopy
Aryl cyanate e s te rs  show a ch arac te ris tic  v(C=N) s tre tch in g  v ib ra tion  in 
the 2280-2240 cm-1 region, and th is  strong band is  e ith e r s p l i t  in to  a doublet
or a tr ip le t .  However, unlike the corresponding alkyl cyanate e s te r s  the
s p litt in g  is  not due to  Fermi resonance (i.e., the appearance in a spectrum of 
more widely spaced frequencies than expected as a re su lt of two nearly  
id en tica l energy levels in a molecule perturbing one another, causing the energy
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levels to  become s p l i t ) / 29,30* In the Raman spectrum i t  occurs a t the same 
frequencies as in the infrared, being likewise doubly or tr ip ly  sp li t ,  but of 
medium in tensity . The v(C-O-C) s tre tch in g  vibration  is  strong and occurs in the 
1235-1160 cm-1 region. The cyanate e s te rs  and isocyanates are  most easily  
distinguished in the in frared  by the presence in the former of the  v(C-0-C> 
vibration  in the 1200-1100 cm-1 region, which is  absent in the l a t t e r  (see 
Figures 4.14, 4,15).
The presence of the ch a rac te ris tic  C=N stre tch in g  band has been used very 
successfu lly  by a number of workers to  monitor the conversion of cyanate e s te r  
monomers to  th e ir  corresponding triaz in e  species (see Section 4.8 for a fu lle r  
discussion of cure monitoring).08,2’' 50' 106* 107' 2,3) The corresponding cyanurate (the 
cyclotrim erized form of the cyanate e s te r  monomer) lacks the c h a rac te ris tic  C=N 
stre tch in g  band, but may be characterized by the strong bands a t 1565 cm-1 and 
1365 cm-1 which are  due to  the triaz in e  ring s tre tc h  and cyanurate 
s t r e tc h /50' 2’3*
(4.1.5.2) Nuclear Magnetic Resonance Spectroscopy
Ben-Efraim<30* tabu lated  the chemical s h if ts  of the aromatic protons as 
well as those of the a lip h a tic  protons of the su b s titu en ts  of a ry l cyanate 
es te rs . The aromatic ring  protons appear in the 7.00-7.50 ppm region. In 
phenylcyanate the m ultip let of the aromatic protons is  centred a t 7.48 ppm, 
while p-phenylenedicyanate has i t s  s in g le t a t 7.31 ppm/30* However, the JH nmr 
spectra  are of lim ited use in th is  case as they yield l i t t l e  inform ation 
concerning the cyanate group i t s e l f  (only i t s  e ffec t upon the protons in close 
proximity to  it) . U ntil recently  l i t t l e  information was availab le concerning 
heteronuclear nmr techniques as applied to  ary l cyanate e s te rs . In 14N nmr 
spectroscopy430* e th y l- and phenylcyanate were reported to  exhib it 14N 
resonances a t -222 ppm and -208 ppm (upfield from the  n i t r a te  ion), 
respectively , whereas the corresponding isocyanates resonate a t -343 ppm and 
-330 ppm. Consequently 14N nmr spectroscopy allows a d is tin c tio n  to  be made 
between cyanate e s te rs  and isocyanates, and probably also  between alkyl and ary l 
cyanate e s t e r s /30* A comprehensive review of the l i te ra tu re  covering 1SN nmr 
assignments of alkyl and ary l cyanate e s te rs  is  also  of g rea t use in th is  
re s p e c t/262*
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Figure 4.4 15N nmr spectra o f cyanate ester  monomers In acetone (30.4 MHz,
MeNOh external standard).
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In th is  work ary l cyanate e s te rs  have been characterized using both 1SN 
and 13C nmr spectroscopy, to  reveal in te re s tin g  fea tu res, and chemical s h if ts  
for spectra  from each of these techniques have been tabulated  (see Table 4,2). 
Fang<67J has also  recen tly  reported a q u an tita tiv e  method for determining the 
molecular weight of non-linear polymers using 13C nmr, in which the spectrum of 
2,2'-bis(4-cyanatidophenyl)isopropylidene is  fu lly  assigned. In th is  case, the
ary l cyanate e s te r  displays in i t s  13C spectrum chemical s h if ts  a t -  108 ppm 
due to  the C=N carbon, and a t « 150-151 ppm due to  the C-0-C=N carbon. In the 
13C spectrum of the corresponding oligomeric frac tion  containing p a rtia lly  
converted cyanurate trim ers and pentamers, etc. the term inal C-0-C=N has been 
sh ifted  upfield by -  1 ppm. The formation of the cyanurate group also  produces 
new s h if ts  a t ^ 173 ppm, due to  the triaz in e  carbon, and a t -  149.2 ppm due to 
the carbon atom adjacent to  the triazine-benzene bridge.
Data from 15N spec tra  revealed th a t the n itrogen in monomeric cyanate
e s te rs  (0-CeN) was found to  resonate a t « -215 ppm (reported re la tiv e  to
external nitromethane) in a number of 1 -4 -d i- and 1 ,2 ,4 -tr i-su b s titu ted  cyanate 
e s te rs  (Figure 4.4). The sole exception (of those monomers studied) is  the 1,3,5- 
tr isu b s titu te d  monomer (5) which displayed a chemical sh if t  of -225.6 ppm (a ll 
s h if ts  are quoted re la tiv e  to  a nitromethane ex ternal standard). When p a rtia lly  
cyclotrim erized the cyanurate nitrogen now displays a g rea tly  sh ifted  signal 
corresponding to  the tr iaz in e  nitrogen a t -  -183 ppm, and is  thus easily  
discerned from the cyanate e s te r  monomer. This aspect has been successfu lly
applied to cure monitoring for the f i r s t  time in th is  work (see Section 4.8).
(4.1.5.3) Full Nmr Characterization o f  the Aryl Cyanate E ster  Monomers
Both the novel monomers and the commercial m aterials were analyzed using 
a range of heteronuclear nmr techniques, and the re s u lts  are given below. The 
atom numbering designations used in the assignments are given in Figure 4.5.
(4.1.5.3.1) 1 -A lly l-2 -cyanatidobenzene (20)
During the course of th is  research th ree novel a ry l cyanate e s te rs  were 
prepared (one of which was subsequently found to  be reported in a patent 
application a f te r  i t s  characterization  had been completed). l-A lly l-2 - 
cyanatidobenzene was prepared as a monomer containing both one cyanate and one
CH
CH
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<4>
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CH
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Figure 4.5 Cyanate ester  monomer atom numbering schemes for nmr assignments.
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Table 4.1: Assignment of JH nmr Spectra of the Cyanate Ester Monomers (300 MHz, 
TMS standard)
Chemical S h if t  M u lt ip l ic i ty  Assigment In te g ra l
(ppm)
2 ,2 '-B is (4 -cy an a tid o p h en y l)iso p ro p y lid en e  (4)
7.43 d of d Hd» Hi, Hn, Hp 4H
7. 32 d of d Hc, H„ H„, Hq 4H
1.72 s in g le t Cg, Ce (2xCH3) 6H
4, 4' - B is ( 3, 5 -d im ethy l- 4-cyanatidophenyl)m ethane (5)
7.09 s in g le t Cc, Cn, CP, Ci (4xCH3) 12H
3.85 s in g le t H* <CH2) 2H
2.34 s in g le t H., Hx, H„ Hg <4xAr-H) 4H
2 -P h en y l-2 -(4 -cy an a tid o p h en y l)iso p ro p y lid en e  (6)
7.45 doublet Hit Hx (2xAr-H) 2H
7. 15-7. 40 complex m u ltip le t Hc, Hd, Hi, Hk, Hra, H0, Hp (4xAr-H) 7H
1.70 s in g le t Cg, Cn (2xCH3) 6H
l-A lly l-2 -cy an a tid o b en zen e  (20)
7. 57-7. 25 m u ltip le t Hc, Hd, H., Hf (4xAr-H) 4H
6. 03-5. 90 m u ltip le t Hi (CH) 1H
5. 10-4. 98 m u ltip le t H* <=CH2) 2H
3. 46-3. 44 doublet Hh (CH2) 2H
2, 2' -£ is (3 -a lly l-4 -c y a n a tid o p h e n y l) iso p ro p y lid e n e  (21)
7. 37-7. 34 doublet Hc, Hp (2xAr-H) 4H
7. 17-7. 13 d of d Hd, H0 (2xAr-H) 4H
7. 07-7. 06 doublet Hf, Hw (2xAr-H) 4H
5. 93-5.80 m u ltip le t Hi, Ht (2xCH) 4H
5. 11-4. 97 m u ltip le t Hj, H. (2x=CH2) 4H
3. 38-3. 36 doublet Hh, Hu (2xCH2) 4H
1.66 s in g le t Hk, H* (2xCH3) 6H
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a lly l functional in order to  use i t  as a model fo r the more technologically- 
applicable 2,2,-£>is(3-allyl-4-cyanatidophenyl)isopropylidene. In order to  fu lly  
assign the *H nmr spectrum of (20) severa l approaches were adopted. 
Unfortunately, a system atic discussion of the log ical sequence of the 
application of these techniques is  d iff ic u lt, fo r each technique depends heavily 
upon the re s u lts  of the o thers -  making them a l l  interlinked.
The 1H nmr spectrum of l-ally l-2-cyanatidobenzene recorded a t 300 MHz is  
depicted in the 13C-1H COSY spectrum in Figures 4.9 and 4.10 and the n.O.e. 
d ifference spectra  in Figure 4.11 (upper trace), with the fu l l  *H nmr 
assignments given in Table 4.1. The assignment of the *H s h if ts  a ris in g  from 
the a lly l functional group are straightforw ard , there  being not only ample 
li te ra tu re  precedents upon which to  draw,<149> but a lso  the chemical s h if ts  are 
w ell-separated  and demonstrate ch a rac te ris tic  sp littin g s . However, the aromatic 
region in th is  spectrum is  very d if f ic u lt to  in te rp re t as i t  stands. At 300 MHz 
a low fie ld  doublet is  'easily  distinguished a t -  7.4-7.5 ppm, but the remaining 
signals are c lustered  together making determ ination of th e ir  positions and 
m u ltip lic itie s  impossible. Therefore, the unequivocal assignment of the a lly l 
protons is  the lim it of the information obtainable about th is  molecule from the 
300 MHz *H nmr spectrum.
In itia lly , a sample of the monomer was analyzed by Prof. J. Feeney a t a *H 
frequency of 500 MHz. At the higher frequency, the aromatic s ignals  become much 
more sharply defined, and very nearly separated  in to  d isc re te  s h if ts  (see Figure 
4.6). While complete separation  of the aromatic signals  was s t i l l  not possib le to  
achieve under these conditions, i t  did allow th e ir  m u ltip lic itie s  to  be 
determined. The s tru c tu re  of l-ally l-2-cyanatidobenzene is  shown below, and a 
ch arac te ris tic  s p litt in g  p a tte rn  is  associated  with th is  type of su b s titu tio n  
(i.e., a 1 ,2 -d isubstitu ted  benzene).
However, while i t  may be determined th a t the aromatic s h if ts  consist of, 
from low fie ld , a doublet, a t r ip le t ,  a doublet, and a t r ip le t  respectively , i t  is  
s t i l l  not possible to  positive ly  assign the aromatic protons using th is  
information. The pa tte rn  of s p litt in g s  could be a ttr ib u te d  to  one of two
assignments: as shown in Figure 4.5, the low -field  doublet to  proton or Hf ;
the low -field  tr ip le t  to  H* or H.; the h ig h e r-fie ld  doublet to  Hf or He and the
h ig h er-fie ld  t r ip le t  to  He or H*,. The more probable assignments, a ris in g  from 
discussions held with Prof. J. Feeney of the N.I.M.R.,<68} are underlined.
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Figure 4.6 500 MHz 1H nmr spectrum (at 298 K) of 1-a lly  1-2-cyanatidobenzene
In Dt-acetone (TMS standard) shown for aromatic region only.
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Unfort unately, the aromatic chemical s h if ts  cover a narrow range, and there  is  a 
dearth  of l i te ra tu re  data concerning e ith e r (a) su b stitu ted  a ry l cyanate e s te rs  
(the ex isting  l i te ra tu re  on which usually quotes a range for aromatic signals); 
or (b) compounds containing the a lly l group su b stitu ted  ortho  to  a cyanate 
group (even using the c losest analogue, l-allyl-2-hydroxybenzene, the influence 
of the hydroxyl function is  s t i l l  su ffic ie n tly  d iffe ren t from th a t of the 
cyanate group to  produce a d iffe ren t spread of the chemical sh if t  p a tte rn  -  
although containing the same sp li t t in g  pattern). For these reasons i t  is  not 
possible to  construct a model for the expected chemical sh if ts , fo r the ac tu a l 
s h if ts  occur within the lim its  of uncertain ty  of the tab les  from which the 
s h if ts  would be taken. The determ ination of the m u ltip lic ity  of signals, and the 
corresponding choice of two a lte rn a tiv e  assignments is  the lim it of the 
information yielded by the 500 MHz *H spectrum.
The 13C nmr spectrum of the monomer was also  recorded (see Section 2.2.10 
for experimental conditions) as well as a DEPT-135 experim ent/60,2011 a pulsed 
experiment which allows the nature of the carbon atom to  be determined (e.g., 
whether i t  is  a primary, te r t ia ry  or quaternary atom) by i t s  appearance a f te r  
the completion of the pulsed experiment. Primary carbons are
inverted in the spectrum, while te r t ia ry  carbons are le f t  unchanged, and 
quaternary carbons disappear from the DEPT-135 spectrum (Figure 4.7). The major 
advantage of th is  data was in i t s  use in conjunction with the 2-dim ensional 
spectrum discussed below.
The next step  was to  record a 18C-1H COSY spectrum; r a  pul se^ 2-
dimensional nmr experiment in which the re su ltin g  15C and 1H-nmr sp ec tra  are
correla ted  a t r ig h t angles, allowing the s ignals  corresponding to  protons ‘ and
the carbon atoms to  which they are bonded, to  coincide producing cross-peaks
such as those depicted in Figures 4.9 and 4.10. The assignments fo r the 13C 
chemical s h if ts  are a lso  given in Table 4.2. The carbons which c o n s titu te  the 
a lly lic  side-chain were easily  assigned, due to  the fact th a t the proton sig n a ls  
corresponding to  th is  group were well ch a rac te rized /1471 The 13C chemical s h if ts  
are spread over a wider frequency range, and as such display a g re a te r  
s e n s itiv ity  to  sub tle  changes in sh if t  position  (cf. the 300 MHz ‘ H-nmr spectrum 
spanning 10 ppm and the corresponding 13C-nmr spectrum spanning 200 ppm). 
Consequently, while the chemical s h if ts  of the aromatic protons are s t i l l  very 
closely positioned (see Figure 4,10, an expanded portion of the 13C-1H COSY 
spectrum depicting the aromatic sh if ts ) , the corresponding 13C chemical s h if ts
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Figure 4.7 1SC nmr DEPT-135 spectrum (upper trace) of 1-a lly  1-2- 
cyanatidobenzene in D6—acetone (75.7 MHz, TMS standard).
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Figure 4,8 ,S C nmr DEPT-135 spectrum (upper trace) of 2 ,2 '-b is (3 -a lly l-4 -  
cyanatidophenyDisopropylidene in Dt-acetone (75.7 MHz, TMS 
standard).
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are generally  more easily  discerned. Furthermore, the prediction of 13C chemical 
s h if ts  using tabulated  data” 471 is  more accurate due to  the g rea te r frequency 
range, where s h if ts  are generally  more widely separated. By co rre la ting  the two 
spectra  in th is  way i t  was possible to  asce rta in  which of the aromatic carbons 
bore protons (e.g., those s h if ts  a t 115.42 ppm, 128.01 ppm, 129.46 ppm, and 
132.43 ppm) w hilst using the knowledge gained from the DEPT-135 re s u lts  th a t 
the aromatic carbon appearing as a shoulder a t 129.31 ppm was assigned to  the 
aromatic carbon bearing the a lly l group, C0. The cyanate-bearing carbon, Cb, was
predicted from sh if t  tab le s” 471 as being th a t found a t 152.19 ppm, and while not
being absolutely conclusive the C -sh ifts  were calculated with reasonable 
accuracy (there being no o ther signals appearing in th is  area of the spectrum 
to confuse the assignment). In th is  way a l l  of the carbon atoms and protons 
were positively  assigned, with the exception of the four proton-bearing
aromatics, although the prediction of C -sh ifts  also  favoured the assignment 
given in Figure 4.5 and Tables 4.1 and 4.2.
The fin a l evidence obtained for the given assignment was produced from 
*H n.O.e. d ifference spectra . In th is  pulsed experim ent/60-200 a resonance
corresponding to  a given proton was selec ted  and sa tu ra ted  and the in te n s itie s  
of the other signals were then compared with th e ir  equilibrium  values (Figure 
4.11a). The spectrum of the new ly-saturated system is  sub tracted  from the 
o rig inal spectrum in which an area of empty baseline has been satu ra ted .
Saturation of the selec ted  atom produces a pertu rbation  in those atoms adjoined
to  i t ,  while atoms s itu a ted  in a d iffe ren t portion of the molecule are
unaffected by the sa tu ra tio n  and, when sub tracted  from the o rig in a l spectrum, do
not appear in the f in a l spectrum.
Irrad ia tion  of the low fie ld  doublet a t 7.50-7.40 ppm produced a d is tin c t 
perturbation  in the remaining aromatic s h if ts  while only neg lig ib le  pertu rba tion  
in the s h if ts  corresponding to  the a lly  lie  protons. I f  the given assignment is
correct (i.e., th a t the low -field doublet is  due to  He in Figure 4.5), then th is
is  consisten t with the observation th a t the a lly  lie  protons are not g rea tly  
a ffected  by the sa tu ra tion , whereas i f  the doublet were due to  Ht , the 
a lte rn a tiv e  assignment, then i t  would be reasonable to  assume th a t the doublet
due to  the methylenic proton, H*, would be s ig n ifican tly  a lte red  -  which does
not appear to  be the case (Figure 4.1 ib).
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The second, and le a s t conclusive, sa tu ra tio n  was th a t attem pted a t the 
signal a t 7.26 ppm corresponding to  H. or Hf . The aromatic spectrum is  very 
complex in th is  region as discussed above (which had e a r lie r  prompted the 500 
MHz experiment) and so precise irrad ia tio n  is  almost impossible. However, the 
re su lts  from th is  f in a l experiment, producing perturbation  of the signals due to  
the a lly  lie  protons, H*, Ht , and R, (but a lso  some pertu rbation  w ithin the 
benzene ring, Figure 4.11c>, are s t i l l  consisten t with those of the  other 
experiments. To conclude, the evidence is  not wholly conclusive, but the re s u lts  
are consisten t with the proposed assignment in Figure 4.5.
In the final, and most convincing experiment, the doublet a t 3.5-3.4 ppm 
(known to  be due to  the methylenic proton Hh> was irrad ia ted  re su ltin g  in the 
predictable pertu rbation  I of the signals due to  Ht and Hjt the o ther protons 
present in the a lly l residue. There was also a small perturbation  of the signal 
a t -  7.3 ppm believed to  correspond to  Hf which was accompanied by s lig h t 
disturbances a t the remaining aromatic protons of much sm aller magnitude. This 
is  the best re su lt obtained confirming the proximity of the methylene group 
with Hf , for in such a small molecular system pertu rbation  does not occur 
d iscre te ly  for a single aromatic atom, but transm its i ts e lf ,  a lb e it with le ss  
streng th , to  the neighbouring atoms in the ring -  making assignment with 
absolute certa in ty  d iff ic u lt (Figure 4 .lid ).
Having fu lly  characterized the monomer 1-ally  1-2-cyanatidobenzene by *H 
and 13C methods (and associated techniques) i t  remained only to  record the 1SN 
nmr spectrum (the sample preparation and operating conditions are outlined in 
Section 2.2.10). Predictably, the monomer displayed a single chemical s h if t  a t 
-213.67 ppm (re la tiv e  to  a nitromethane standard), see Figure 4.4. The 
assignments from a l l  of these techniques are contained in Table 4.2.
(a)
<b>
d| r
I T
iH -
(c)
(d)
Figure 4.11 300 MHz ‘ H nmr n.0.e. difference spectrum of 1-a lly  1-2-
cyant idobenzene In D6-acetone (showing resu lts  of d ifferent 
irradiations).
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Table 4.2: Assignment of 13C and l5 N Nmr Spectra of Cyanate Ester Monomers
Compound (6) Compound (4) Compound (5)
Chemical
s h i f t
(ppm)
Assignment Chemical
s h i f t
(ppm)
Assignment Chemical
s h i f t
(ppm)
Assignment
151.86 c b 151. 99 c b> c k 150.70 Cbi CQ
150.71 c h 149.85 c®, c h 141.59 Cf, Ck
150.64 c . 129 .84 Cd, Cl, Cn, Cp 130. 99 C®, Cg, Cl, C®
129.88 Ci 115.75 Cc I Cj, Cm, Cq 129. 53 Cd, Ch* Cm, Cq
128.97 Cd, Co 109, 43 C®, Ci 110.96 C®, Cp
126.68 C i » C„ 43. 22 c ' 40. 64 C,
115.56 Cc* Cp 30. 89 Cr» C0 15.40 Ce, Ci, Cn, Cr
109. 53 C.
43. 35 Cf
30. 94 Cg» Cn
-215.36 -214. 98 N.,Nx -225.63 N», Np
- 1 3 2 -
Table 4.2: Assignment of 13C and 15N Nmr Spectra of Cyanate Ester Monomers
Compound (20) Compound (21)
Chemical
s h i f t
(ppm)
Assignment Chemical
s h i f t
(ppm)
Assignment
152.19 cb 150.45 Cb* Cq
136.09 Ci 150.11 C*» Cn
132.43 cf 136. 24 C*,ct .
129.46 cd 131. 00 o a O 0
129.31 c 9 128.85 Cg, Cv
128.01 ce 127.72 Cf, Cw
116.92 c 4 116. 77 Cj» c.
115.42 Cc 115.77 Cc* Cp
109.60 c . 109.77 o * o ■*
33. 93 ch 43. 34 Ci
34. 16 Ch* Cu
30.96 Ck* Cm
-213.67 N. -214.72 N„ Nr
(4.1.5.3.2) 2,2'-Bis (3-allyl-4-cyanatidophenyl)isopropylidene (21)
Unlike the previous monomer, the aromatic region of the 300 MHz *H nmr 
spectrum was su ffic ien tly  well resolved to  allow fu ll  characterization  to  take 
place, in conjunction with the re su lts  of 13C-1H COSY and DEPT-135 experiments, 
without the need for more complex techniques. Furthermore, the 15N spectrum was 
recorded, consisting of a sing le chemical s h if t  of -214.72 ppm (see Figure 4.4), 
Hence, the s tru c tu re  was fu lly  assigned and the re su lts  are contained in Table
4.2. The *H-13C COSY and DEPT-135 spectra  are  shown in Figures 4.12 and 4.8 
respectively.
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(4.1.5.3.3) 2 ,2 '-B is (4~cyanatidophenyl)isopropylidene (4)
The monomer, the commercial sample supplied by Hi-Tek Polymers, Inc. 
(designated B-10) has spectra  th a t are qu ite  easily  assigned using 13C—1H COSY 
and DEPT-135 experiments (see Table 4.2). The 15N spectrum of B-10 was 
recorded and consisted of a sing le  chemical sh if t  of -214.98 ppm (Figure 4.4). 
The partia lly -converted  prepolymer (B-30) is  predictably more complex, the 
sample containing oligomeric frac tions of odd-numbered tr iaz in e s  (of e.g., 
trim ers and pentamers). Fang£67) has recently  proposed a general method for 
determining the molecular weight of non-linear polymers based on the backbone 
to  end group ra tio  measured by 13C nmr measurements, and the assignments 
presented here for B-30 are based on h is own. The 15N spectrum of the 
prepolymer was also  recorded, consisting of two chemical s h if ts  of -215.19 ppm 
and -180.62 ppm (re la tive  to  a nitromethane ex ternal standard) represen ting  the 
cyanate e s te r  monomer and triaz in e  species respectively. Hence, the s tru c tu re  
was fu lly  assigned and the re s u lts  are contained in Table 4.2
(4.1.5.3.4) 4,4 '-B is (3,5 -d im ethyl-4 -cyanatidophenyDmethane (5)
The monomer, the commercial sample supplied by Hi-Tek Polymers, Inc. 
(designated M-10) has re la tiv e ly  simple spectra  th a t are quite  eas ily  assigned 
using 13C-1H COSY and DEPT-135 experiments (see Table 4.2). The 15N spectrum of 
M-10 was recorded, and consisted of a sing le chemical s h if t  of -225.63 ppm 
(Figure 4,4). The partia lly -converted  prepolymer (M-30) is  yet more complex than 
tha t of B-30, suggesting a g rea te r varie ty  of oligomeric species p resent in the 
mixture. However, i t  is  s t i l l  possible to  discern the presence of the cyanurate 
(150.59 ppm) and the triaz in e  (174.46 ppm) carbons from the p a rtia lly -converted  
product. The 1SN spectrum of the prepolymer was also  recorded and found to  
consist of two chemical s h if ts  of -225.66 ppm and -183.10 ppm (re la tiv e  to  a 
nitromethane ex ternal standard) representing  the cyanate e s te r  monomer and 
triaz in e  species respectively. Hence, the s tru c tu re  was fu lly  assigned and the 
re su lts  are contained in Table 4.2
(4.2) Thermal Behaviour o f  Aryl Cyanate E sters
In th e ir  comprehensive review of the l i te ra tu re  concerning polycyanurate 
chemistry up to  1977, Pankratov e t  a l <187) describe a se ries  of s tu d ie s  carried
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out by Bonetskaya and co-workers*33*187 ’ which were devoted to  a de tailed  
investigation  of the k in e tics  and heats of the cyclotrim erization and 
polycyclotrim erization of a ry l cyanate e s te rs  using c la ss ica l calorim etric  
techniques. Thus the k inetics of the cyclotrim erization of phenylcyanate to  
triphenylcyanurate were investigated  in so lu tion  in ditolylm ethane in the 
presence of chromium (III) acety lacetonate using a double calorimeter*33*187 ’ and 
the reaction  shown to  be au to ca ta ly tic  (i.e., the varia tion  of the ra te  with time 
passes through a maximum). I t s  maximum ra te  was also  shown to  be proportional 
to  the ca ta ly s t concentration and to  the square of the monomer concentration. 
The exothermic heat of cyclotrim erization of phenylcyanate using th is  method 
was determined as AH = -28.1 ± 1.0 kcal/mole (-117.6 kJ/mole).
The k inetics of the polycyclotrim erization o f 2 ,2 '-bis(4-cyanatidophenyl) 
isopropylidene were also  investigated  and i t s  heat measured by d irec t
calorim etric determ inations under conditions analogous to  those of the model 
reaction,*187’ I t  was estab lished  th a t the polycyclotrim erization of the dicyanate 
involved mainly the same k inetic  fea tu res  as the cyclo trim erization  of 
phenylcyanate, i t s  average heat of polycyclotrim erization being -56.8 kCal/mole 
(237.7 kJ/mole), i.e., 28.4 kCal/mole per cyanate group (118,8 kJ/mole 0-C=N). The 
close agreement of th is  value with the heat of cyclo trim erization  of
phenylisocyanate (AH = -28.1 kCal/mole) was taken by Bonetskaya to  ind ica te  the 
high se le c tiv ity  of the polycyclotrim erization of a ry l dicyanate e s te rs .
The cyclotrim erization of ary l cyanate e s te rs  in the  presence of 
chromium (III) acetylacetonate is  au to ca ta ly tic  although the reaction  products 
(.e.g., triphenylcyanurate, or tris(pheny loxy)-l,3 ,5 -triaz ine , when phenylcyanate 
is  the s ta r tin g  m aterial, and oligomers in the polycyclotrim erization of 2 ,2 '- 
bis(4-cyanatidophenyl)isopropylidene) were not found to  catalyze the 
process.*33*187’ I t  was suggested th a t one of the causes of au to ca ta ly s is  was
probably due to  the fact th a t chromium (III) acety lacetonate is  c a ta ly tic a lly
inactive in the in i t ia l  s ta te . I t  was a lso  established*187’ th a t the presence of 
traces of water in the reaction  system has an appreciable e ffe c t on the ra te  of 
polycyclotrim erization of 2,2 '-bis(4-cyanatidophenyl)isopropylidene and tra c e s  of 
acetylacetone in the reaction  mass a f te r  the l a t t e r  had been therm ostat ted  a t 
140*C were detected by gas-liqu id  chromatography (GLC). I t  was found th a t the 
addition of water to  the reaction  system increases the ra te  of reactio n  while 
addition of acetylacetone decreases it.*187’ The re s u lts  suggest th a t the active
form of the ca ta ly st is  formed with p artic ipa tion  of water and is  in equilibrium  
with the normal form of the ca ta ly st.
+ “OH
H3C -  O ^ ^ - O  CH3+h20=^±:
Cyanate ester
Figure 4.13 Activation of the chromium (III) acetylacetonate ca ta ly s t
Hence, i t  was suggested th a t the au toca ta ly tic  nature of the cyclotrim erization 
of ary l cyanate e s te rs  in the presence of chromium (III) ace ty lacetonate  is
associated with the accumulation of the active form of the ca ta ly s t as the 
reaction  proceeds.
Korshak (1974)c13,) investigated  the ca ta ly tic  e ffec t of a v a rie ty  of
te r t ia ry  amines (1 mole %) on the polycyclotrim erization reaction  of 2 ,2 '-b is (4 - 
cyanatidophenyl)isopropylidene, and presented p lo ts  of the extent of reaction  
versus time. He concluded th a t the basic te r t ia ry  amines are more ac tive  (the 
most active studied was isoquinoline, while the le a s t e ffec tiv e  was 
dimethylaniline). The influence of tem perature on the ZnCl2-cata lyzed  
polycyclotrim erization reaction  was also discussed, the conversion increasing 
with tem perature so tha t a t 250-300 *C the monomer is  almost fu lly  converted 
in to  polymer.
(4.2.1) Use o f  DSC to  Study Thermal Behaviour
The most widely used method of monitoring the thermal changes occurring
during cross-linking is  d iffe re n tia l scanning calorim etry (DSC), see Section
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2.4.2. To date, however, only a lim ited amount of DSC work has been carried  out
in the area of cyanate e s te r  r e s in s /23’24,7*'206,210-214' 2175
Scola e t al.t206y used dynamic DSC as part of a study on the ambient ageing 
of Narmco 5245C/graphite prepreg; measuring the to ta l  heat of reaction  and 
exothermic peak maxima of aged and unaged film. A range of heating ra te s  (5, 
10, and 20‘C/minute) were used to  enable Arrhenius p lo ts  to  be constructed. 
Similar scans were largely  obtained for the ambient aged prepregs, the data did 
not show any decrease in AH, but did show a spread in AH a ttr ib u te d  to  
varia tion  in prepreg w ithin the same batch (a ttrib u ted  to  the varia tion  in 
quantity  of m aterial on the prepreg). The neat res in  (which according to  Scola 
is  a bis-maleimide-o,o*-dicyanobisphenol, a modified epoxy res in  which is  not
cured by an amine curing agent) exhibited a heat of reaction  of 389 J/g. The
construction of Arrhenius p lo ts  of the lo g a rith m  of the heating ra te , log q>, as 
a function of the peak exotherm tem perature suggested th a t ageing decreased 
the re a c tiv ity  of the res in  in the woven prepreg due to  formation of 
advancement species.
Simple dynamic DSC experiments were carried  out by Shimp,<21°-2145 on his 
commercial cyanate e s te r  monomers to  yield heats of reaction  for the thermal 
polymerization reaction of 732.2 J/g, 594.1 J/g, 719.6 J/g, and 1221.7 J /g  for, 
respectively, 2,2'-bis(4-cyanatidophenyl)isopropylidene, 4,4,-5 is(3 ,5 -d im ethy l-4 - 
cyanatidophenyl)methane, bis(4-cyanatidophenyl)sulphide, and 1,3-
dicyanatidobenzene. Shimp also  carried  out dynamic DSC experiments on equimolar 
blends of 2,2 '-bis(4-cyanatidophenyl)isopropylidene and the d iglycidyl e th e r of 
bisphenol-A (BADGE), see Section 6 for a fu rth e r discussion.
Gotro e t al.(7Ai carried  out a sim ilar study on a blend of a BT-resin 
containing a dicyanate e s te r, a b is-maleimide, and a brominated epoxy resin . 
Dynamic DSC indicated the presence of two d is tin c t exotherms, and hence a t le a s t 
two separate  reactions. Further work using FT-IR indicated th a t the onset of 
cyclotrim erization occurred around 150X, corresponding to  the lower of the two 
peaks in the DSC trace. I t  was not possible to  unambiguously assign  the higher 
peaks, with a maximum around 270 X, since these were a ttr ib u te d  to  a mixture of 
epoxy-cyanate co-reaction (oxazoline formation and epoxy homopolymerization) 
and the homopolymerization of the bis-maleimide component of the BT-resin. The 
combined heat of reaction obtained from dynamic DSC was determined to  be 251 
J/g  (the f i r s t  peak, TMAX = 200X, containing 41.8 J/g; the second, TMAX = 270 X,
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containing 209.2 J/g). However, the quality  of data was poor with a pronounced 
upward baseline d r if t ,  making even ten ta tiv e  qu an tita tiv e  assignments tenuous at 
best. Isotherm al DSC stu d ies  indicated th a t the residual heat of reaction 
decreased rapidly to  a p lateau value for each of the reaction  tem peratures 
except 250 X where the reaction  goes to  completion; prolonged exposure to  
tem peratures below 250*C did not lead to  complete reaction.
The only other example of the use of isotherm al DSC in th is  area appears 
to  be by Bauer e t a l , <23*24) who also used dynamic experiments to  study the 
k inetics of the bulk polymerization of 2,2'-bis(4-cyanatidophenyl)isopropylidene. 
The isotherm al measurements were made a t th ree  tem peratures (220 X, 230 X, and 
240X), while the dynamic DSC was performed a t a range of heating ra te s : 1.25, 
2.5, 5, 10, and 20X/minute. The thermal polycyclotrim erization reaction  was
found to  be very complex, and the f i r s t  order k inetics, calculated by severa l 
methods over a conversion of 30-60%, yielded an activation  energy of -  80 
kJ/mole. Unfortunately the m aterial used in the work was impure.
Bauer e t a l C24) also fu rth e r investigated  the k inetics and modelling of the 
thermal polycyclotrim erization of aromatic dicyanate e s te rs . An e a r lie r  paperc23> 
outlined the kinetic  reaction  behaviour (see above) of the dicyanate e s te r  under 
isotherm al conditions and the proof of the presence of hydroxyl groups as 
im purities (using analy tica l techniques such as HPLC and FT-IR) and carbonic 
e s te r  imide s tru c tu re s  (using FT-IR spectra  compared with those of model 
compounds). These led to  the following reaction  model being proposed for the 
rea l systems under examination: (1) The s ta r t in g  reaction  was caused by an
Ar-0H/H20 ca ta ly sis  which produces a small quantity  of tr iaz in e  rings. The water 
would then vapourize under the thermal conditions used so th a t th is  reaction  
would become neglig ible for la te r  stages. (2) The Ar-0-C=N would then react 
with Ar-OH under tr iaz in e  ca ta ly sis  to  build carbonic e s te r  imide s tru c tu re s . 
(3) The carbonic e s te r  imide would react with two fu rth e r 0-C=N groups to  form 
a triaz in e  and an Ar-OH.
These reactions were assumed to  be of f i r s t  order re la tiv e  to  every 
reacting  functional group, and k inetic  equations were modelled based on these 
assumptions. The au to ca ta ly tic  nature of the reaction  was e lucidated  by 
modelling the conversion-time curves of systems with d e fin ite  admixtures of the 
found interm ediate products. Furthermore, quan tita tiv e  re la tio n s  were found 
between the purity  of the dicyanate (the g rea te r the purity  of the dicyanate
este r, the longer the time taken to  reach a certa in  conversion), the ra te  of the 
reaction, the tem perature of the DSC maximum and the B-time of the resin. 
S ignificant deviations, however, were found for 0-C=N conversions g rea te r than 
60%, a t which point the system was thought to  become d iffusion  controlled 
causing the process to  be slower than predicted by the model. Arrhenius p lo ts 
yielded ac tivation  energies of 53 kJ/mole and 84 kJ/mole, for the ra te  constants 
k, and k2. Bauer e t al,t2S> have also published a k in e tic /s tru c tu ra l model for the 
behaviour and the network build-up re su ltin g  from the polyreaction of 
d ifunctional cyanic acid e s te rs  with difunctional g lycidylethers.
Shimp e t al. (1990)<217> investigated  the cure of a new commercial cyanate 
e s te r  resin , 4,4 '-[l,3-phenylene bis<l-m ethylethylidene)]dicyanate using both 
dynamic DSC and dynamic mechanical measurements employing to rs io n a l braid 
analysis (TBA). Dynamic DSC yielded exothermic peaks of 506.3 J/g  and 485.3 J/g  
for, respectively , the catalyzed and uncatalyzed systems -  these two values 
should be identical, assuming th a t fu ll  cure is  obtained in both systems. A one- 
to-one re la tionsh ip  was found between Tg and conversion, independent of cure 
tem perature for the cure tem perature range studied suggesting tha t there  is  
e ith e r only one reaction occurring or tha t the ra te s  of competing reactions are 
independent of cure temperature. Assuming an n’th -o rder kinetic model, an 
analysis yielded activation  energies of 56.1 kJ/mole and 79.9 kJ/mole for the 
respective  catalyzed and uncatalyzed reactions -  the reduction in activation  
energy is  a typical e ffec t of cata lysis . A non-integer reaction  order value of 
1.87 was also  obtained indicating the complexity of the catalyzed reaction  
mechanism. I t was also reported th a t the catalyzed and uncatalyzed reactions 
proceeded via d iffe ren t mechanisms because each exhib its a unique master curve 
th a t cannot be superimposed. Evidence was also  presented for a second reaction  
competing with the principal cure reaction  in the uncatalyzed system, as an 
abrupt increase in Tg was observed a t low cure tem peratures well a f te r  the 
onset of d iffusion  control, but before v itr if ic a tio n . Furthermore, two maxima 
were observed in the DSC thermograms of both uncured catalyzed and uncatalyzed 
systems. After the Tg of the catalyzed system had risen  by severa l degrees, only 
one peak was observed.
Cozzens et aLlS0) used dynamic DSC in conjunction with TGA to  re la te  
thermal tran s itio n s  and s ta b i l i ty  to  the degree of cross-linking. The fea tu res  
observed in the DSC thermogram obtained for 2 ,2 '-b is (4 - 
cyanatidophenyl)isopropylidene agreed well with those contained in the
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Figure 4.14 FT-IR spectrum (thin film) of l-allyl-2-cyanatidobenzene.
560cn-i1600156625663566
Figure 4.15 FT-IR spectrum (thin film) of 2,2'- b is (3-a lly  1 -4-cyanatidopheny 1) 
isopropylidene.
l i te ra tu re  (e.g\, a sharp melting point endotherm a t 81 *C, heating ra te  
10'C/minute under nitrogen; a broad trim erization  exotherm a t 280 *C; and a 
decomposition exotherm maximum a t 425*C), although no attem pt a t q uan tita tion  
was made -  as was the case with a l l  of the thermograms obtained here. However, 
for the model compound 2-phenyl-2- (4-cyanatidophenyl)isopropylidene the DSC 
trace  displayed a p a rtia lly  superimposed endotherm and exotherm maxima a t 180 
and 230*C respectively. The endotherm was thought to  indicate evaporation of 
the monomer, and the exotherm would correspond to  the cyclotrim erization which 
is  close in tem perature to  o ther monofunctional cyanate e s te rs  reported  in the 
lite ra tu re . The cyanurate model compound displayed a sharp melting endotherm a t 
164*C and a decomposition a t 430*C. The thermograms of the bulk polymer samples 
with dicyanate e s te r  content ranging from 62-100% displayed a broad exotherm 
which increased regu larly  in tem perature maxima and in ten s ity  with increasing 
dicyanate content. All of the samples exhibited a decomposition exotherm a t 430- 
440*C, which is  in good agreement with the TGA data (see Section 4.4).
Cercena<A2) also  presented DSC data for a varie ty  of cyanate e s te r  
monomers, oligomers and polymers (in the form of rescans). However, discussion 
was lim ited to  the appearance of melting or fusion tem peratures, or 
decomposition tem peratures and no attem pt was made to  quantify  the processes 
observed.
(4.2.2) An Investiga tion  o f  the Thermal Polymerization o f  Aryl Cyanate E s te rs
As outlined e a r lie r  in Section 4.1.2, cyanate e s te rs  may undergo 
polymerization e ith e r  therm ally or in the presence of tra n s itio n  m etal c a ta ly s ts  
such as the carboxylates of copper, cobalt or zinc and an active  hydrogen donor 
such as an in v o la tile  phenol. I t  is  of in te re s t to  examine the therm al behaviour 
of these m aterials in both environments separa te ly  in order to  b e t te r  
understand the mechanism(s) of the polymerization reactions. In the f i r s t  of 
th ese  instances, the general fea tu res  of the DSC behaviour of the  therm al 
polymerization of the cyanate e s te rs  w ill be discussed. The r e s u l ts  a re  
contained in Table 4.3, and are expressed as J/g  of monomer, kJ/mole monomer and 
kj/mole of cyanate group (in order to  f a c i l i ta te  a comparison between the  mono- 
and d ifunctional monomers). In a l l  cases, the cyanate e s te rs  were run in sealed  
pans (see Experimental Section 2.2.6) as they are  prone to  v o la t i l i ty /77* Each 
sample was run a t five d iffe ren t heating ra te s , and peak maxima and minima 
increased s lig h tly  with increasing heating ra te , as expected.
He
at 
Flo
w 
 
► 
EX
O
-1 4 2 -
2 w/g
(6)
(20)
(5)
0 50 100 150 250200 300 350 400
Temperature (°C)
Figure 4.16 Composite plot of DSC thermograms ClOT/minute under nitrogen) of 
cyanate ester  thermal polymerizations.
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2-Phenyl-2-(4-cyanatidophenyl)isopropylidene (6) is  a v o la tile , amber liquid 
which is  qu ite  mobile, and as such, i t s  analysis is  fraught with problems of 
v o la tility , leading to  sample loss through evaporation, and consequently a 
reduction in the enthalpy observed. Hence, the m aterial required carefu l analysis 
and so the sample was run in a sealed aluminium pan taking the precautions 
outlined in the Experimental Section 2.2.6 to  prevent an explosive sample 
expansion. Furthermore, following observations made by G reenfield '77* on 2 ,2 '- 
5is(4-cyanatidophenyl)isopropylidene which revealed the v o la tile  na tu re  of th is  
so lid  cyanate e s te r , i t  was decided to  use crimped, sealed pans for the rou tine  
operation of the DSC with a l l  the monomers.
This compound, (6), which is  often  used as a model, mono-functional a ry l 
cyanate e s te r, is  p a rticu la rly  usefu l because i t  forms a trim er when fu lly  
reacted  without undergoing fu rth e r cross-linking  unlike d ifunctional m ateria ls, 
and as such is  s t i l l  soluble in i t s  cyclotrim erized form. The m ateria l has been 
the subject of severa l publications in which i t  has been variously employed by 
Cozzens e t al.tB0> as a chain-stopper in a study of cyanurate network formation, 
and DSC data (at lO’C/minute, under nitrogen) was presented, but no attem pt a t 
quan tita tion  made. However, the thermogram obtained by these workers, displaying 
a broad endotherm/minimal exotherm overlap, bears no resemblance to  th a t 
obtained in these s tu d ies  (shown in Figure 4.16), and i t  must be concluded th a t 
while these workers noted the v o la til i ty  of the sample they did not attem pt to  
obviate the problem by using sealed pans. This monomer was also  the obvious 
choice for use in q u an tita tiv e  conversion s tu d ies  carried  out in th is  work using 
a varie ty  of analyis techniques: DSC, FT-IR, 1SN and 13C nmr (see Section 
4.8).<185
The physical s ta te  of 2 ,2 '-b is(3-ally l-4-cyanatidophenyl)isopropylidene (21) 
provided an in te re s tin g  puzzle. In i t s  crude s ta te  as synthesized, the monomer 
was a fa ir ly  viscous, straw -coloured liquid. A fter pu rifica tio n  by p rep ara tiv e- 
HPLC, to  a purity  of -  98% (Figure 4.18), the m aterial remained a liqu id  
(although i t  appeared to  be re la tiv e ly  more mobile and was now colourless). The 
cyanate e s te r  monomers were a l l  routinely  sto red  in sealed p la s tic  bags in the 
re fr ig e ra to r  p rio r to, and a f te r , use. The monomer remained a liquid  a f te r  two 
months’ sto rage in re frig e ra tio n , during which time a complete s e t of 
measurements were made on the pure, but liquid, monomer. However, on one 
occasion p rio r to  analysis the liquid began to  c ry s ta llize  very rapidly  as white, 
waxy, p la te le t c ry sta ls . I t  was found on heating a small portion of the  c ry s ta ls ,
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th a t the monomer readily  undergoes fusion to a colourless liquid, and does not 
re c ry s ta llize  in the short term.
A sample- of the new ly-crystalline monomer of (2i) was subm itted for sing le  
c ry s ta l X-ray crystallographic analysis (and the re su lts  of th is  are fu rth e r 
discussed in Section 4.7). The DSC instrument was used to  ascerta in  the melting 
point of the solid, and the analysis was carried  out a t a heating ra te  of 
l*C/minute to  reveal a melt endotherm spanning 42-49 'C. However, i t  remained to  
be seen whether the thermal behaviour of the so lid  d iffered  from th a t of the 
liquid (for which a large amount of data had been accumulated). Fortunately, 
with the exception of the newly-observed melt endotherm, the DSC trace  was to  
a ll  in ten ts  iden tical to  tha t of the liquid. Hence, the sample is  a white 
c ry sta llin e  solid  in the pure s ta te  (98% by HPLC).
2,2'-f?is(4-cyanatidophenyl)isopropylidene (4) is  probably the most widely- 
studied single ary l cyanate e s te r  (with the possible exception of phenylcyanate) 
and much li te ra tu re  is  available concerning not only i t s  thermal polymerization, 
and the re su ltin g  k in e tic s ,'23-24,187:1 but also the catalyzed polycyclotrim erization 
of the monomer.'1875. Fortunately, i t  is  therefo re  possible to use the re s u lts  
obtained from th is  m aterial to  gauge the general va lid ity  of the remaining 
re su lts  (for which in most cases no precedent ex ists).
(4.2.3) General Features o f  Scanning DSC R esu lts  fo r  Cyanate E ste r  
Thermal Polymerizations
The common fea tu res  of the dynamic DSC thermograms of each of the cyanate 
e s te r  monomers for the thermal polymerization w ill be discussed and attem pts 
made where possible to  re la te  them to  the li te ra tu re . In each case the sample 
was analyzed in a sealed pan a t a range of heating ra te s  (selected from 2, 5, 7, 
10, 15, and 20*C/minute) under a nitrogen atmosphere. In order to  f a c i l i ta te  a 
logical discussion, and in the absence of any fea tu res  of p a rticu la r note in any 
of the other traces, only the lO’C/minute trace  w ill be discussed (shown for a l l  
monomers in Figure 4.16) -  th is  being the most commonly used heating ra te  for 
most l i te ra tu re  stud ies in which dynamic DSC is  used. In these discussions the 
enthalpy w ill be discussed in terms of J/g  of monomer, although in Tables 4.3 -
Figure 4.
Figure 4.
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17 HPLC tra c e s  of pu rified  (20) by (a) re fra c tiv e  index and (b) 
u ltrav io le t 254 run detec tion  (80/20 CHC12/hexane 1 cm3/minute).
B HPLC tra c e s  of pu rified  (2D  by (a) re fra c tiv e  index and (b) 
u ltrav io le t 254 nm detection  (80/20 CHcl2/hexane 1 cm3/minute).
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4.4 th is  value is  converted in to  kJ/mole of monomer and kJ/mole of 0-C=N group 
present in order to  allow d irec t comparisons to  be made between monomers.
As liquids, the DSC traces  of the monomers (6) and (.20) d isplay no melting 
endotherm, unlike the remaining so lids, (4), (5) and (21). However, a l l  monomers 
exhibit s lig h tly  skewed, bell-shaped polymerization curves (although th a t of (6) 
is  markedly more even) which occur over sim ilar tem perature ranges (see Figure 
4.16). From an examination of the DSC scans a t lOX/minute the monomers (6) and 
(.21) would appear to  have peak maxima occurring a t s im ilar tem peratures, 
followed by (20), (4), and (5) respectively . In general the sing le  polymerization 
exotherm precedes the onset of degradation a t * 400 X (although (21) would 
appear to  display a s lig h tly  lower onset tem perature a t -  320*C a t th is  heating 
ra te).
In the case of (6) the main exotherm precedes a sm aller exotherm. Although 
the quality  of the l i te ra tu re  dataCS0) is  poor i t  is  s t i l l  possible to  note th a t 
the main exotherm corresponds qu ite  closely to  the sm all polymerization 
exotherm reported by Cozzens e t a l  However, i t ’ismore d if f ic u lt  to  a t tr ib u te  a 
reaction process to  the second exotherm, for i t  does not correspond to  the 
onset of decomposition reported  by Cozzens e t a l  for the cyclotrim erized 
product, tris(4-cum ylphenoxy)-l,3 ,5-triazine. The v o la tili ty  of the sample may 
however, be sign ifican t. By heating the sample in a sealed pan the loss of
m aterial from the system is  g rea tly  reduced. However, i t  is  s t i l l  possible  for
the monomer to evaporate from the floor of the pan to  condense on the 
underside of the sealed lid. In th is  way the bulk of the sample would undergo 
reaction  when the tem perature had reached a su ffic ien tly  high degree, but the 
condensate on the s lig h tly  cooler roof of the pan would undergo reaction  a t a 
s lig h tly  higher temperature.
The heat of reaction  for the a lly l-su b s titu te d  compound (20) is  evidently  
somewhat higher than (6) which contains only a single reactive  functional group. 
I t  is  known th a t the cyanate group reac ts  more readily  (when polymerized 
thermally) than the therm al homopolymerization of an a lly l m oiety'204> (also see 
Section 1.2.2), and th is  does appear to  help to  inh ib it the therm al 
polymerization (a lbeit only s lig h tly  -  possibly hindering simply in a s te r ic
fashion due to  i t s  position  ortho  to  the cyanate group).
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The DSC trace  of 2 ,2 '-b is (4-cyanatidophenyl)isopropylidene (4) reveals th a t 
the onset of degradation appears to  begin a t -  380-400 *C which agrees with 
those measurements made upon th is  m aterial by Cozzens et a l <soi The enthalpy 
recorded for the peak (see Table 4.3) is  a lso  in close agreement with values 
reported by a number of workers studying th is  compound/23' 2*'33*76'
The analysis of 4,4,-ibis(3,5-dim ethyl-4-cyanatidophenyl)methane (5) 
represen ts the only anomaly in the re s u lts  from DSC analysis. However, i t  is  
believed th a t the re s u lts  can now be ra tionalized  in the lig h t of 
d iscussions'2161 carried  out with D. A. Shimp, who kindly supplied the commercial 
m aterials. The sample monomer as supplied was a pale yellow c ry s ta llin e  solid, 
mp 106*C.'105> The DSC trace  of the m aterial depicted in Figure 4.16, exh ib its  a 
sharp c ry s ta llin e  melt endotherm a t 109 ”C which precedes a broad exotherm. The 
exotherm appears to  comprise a t le a s t four fundamental tra n s itio n s  w ithin i t ,  
d iffering  g rea tly  from any of the other monomers in th is  respect. The DSC trace  
indicates th a t the onset of degradation appears to  begin very close to  the 
conclusion of the polymerization exotherm a t * 370-400 *C. TGA s tu d ie s  reveal 
th a t the onset of degradation occurs somewhat e a r lie r  -  320-330 *C, and
reso lu tion  of the two competing exotherms a t th is  point becomes d if f ic u lt .
The following discussion of the catalyzed systems w ill reveal the complex 
nature of the polycyclotrim erization exotherms encountered and i t  seems re levant 
to  d iscuss th is  fea tu re  in order to  explain the re su lts  fo r th is  p a rtic u la r  
monomer. Unlike the o ther thermal polymerizations, which generally  display a 
single peak (although th is  is  le ss  tru e  for 2,2’-  b is  (4- cy ana tidophenyl) 
isopropylidene), the almost tetra-m odal nature  of the polymerization exotherm (s) 
obtained for th is  monomer resemble the DSC trace  of a catalyzed system. 
Discussions held with David Shimp of Hi-Tek Polymers, Inc.'2151 revealed th a t th is  
e a r lie r  batch of monomer represented a le ss  pure m aterial, and th a t since 
improving the synthesis, the monomer produced is  now a white, c ry s ta llin e  so lid  
(indicating the elim ination of the impurity causing the yellow tin t) .  I t  is  
planned to  analyze batches of the newly-produced monomer in the same fashion in 
the fu tu re '951 in an attem pt to  s e t t le  th is  question unequivocally. However, th is  
explanation would appear to  account for the presence of the preceding shoulders 
on the main exotherm, and enhanced reac tiv ity , ch a rac te ris tic  of impure or 
catalyzed systems.
Table 4 .3  Thermal Polym erization Behaviour of the Cyanate Ester Monomers
Monomer
6
20
21
T„ Scan Rate TEXo Heat of Reaction (AH)
CC) CC/min. ) CC) (J /g ) (kJ/mole) (kJ/mole OCN)
20 262. 8 420. 3 99.7 99. 7
15 257. 1 416. 0 98. 7 98. 7
10 240. 3 407, 0 96. 6 96. 6
5 211. 2 397. 3 94. 3 94. 3
2 195. 0 349. 8 83. 0 83. 0
Mean 398. 1 94. 5 94. 5
- 20 254. 7 740. 5 117. 9 117. 9
15 252. 1 727. 0 115. 7 115. 7
10 234. 1 716. 5 114. 1 114. 1
7 232. 1 730. 5 116. 3 116. 3
5 231. 5 699. 5 111.4 111.4
2 202. 6 678. 5 108. 0 108, 0
Mean 715. 4 113. 9 113.9
- 20 282. 6 623. 4 223. 5 111, 8
15 267. 6 619. 2 221. 9 111.0
10 256. 6 614. 2 220. 3 110. 2
7 244. 1 623. 9 223.6 111. 8
5 240. 7 620. 1 222. 3 111. 2
2 228. 2 528. 8 189. 5 94. 8
Mean 604. 9 216. 8 108. 4
83. 6 20 287. 7 749. 8 208. 7 104. 4
83. 1 15 293. 8 775. 0 207. 3 103. 7
81. 3 10 281. 9 762. 6 212.2 106. 1
80. 9 5 249. 9 732. 3 203. 8 101. 9
80. 9 2 217.9 659. 4 183. 5 91. 8
Mean 735. 8 204. 8 102. 4
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Table 4.3 Thermal Polymerization Behaviour of the Cyanate Ester Monomers
Monomer T„ Scan Rate Texo Heat of Reaction (AH)
CC) <X/min.) (X) (J/g) (kJ/mole) (kJ/mole OCN)
5 112.7 20 336. 5 621.0 190. 3 95. 2
109.0 10 318. 4 637. 6 195. 3 97. 7
108. 4 5 296. 4 624. 1 191. 2 95. 6
108. 1 2 275. 4 671.4 205. 7 102. 9
Mean 638. 5 195.6 97. 8
Note: T„ rep resen ts  the fusion tem perature (where applicable), TEX0 is  the 
tem perature of the polymerization exotherm peak maximum, and the heats of 
reaction  are expressed in terms of J/g  of monomer, kJ/mole of monomer, and 
kJ/mole of cyanate group present.
(4.2.4) General Features o f Scanning DSC R esu lts  fo r  Catalyzed Cyanate E ste r  
P olycyclotrim erizations
There were some problems with the ca ta ly s is  of 2-Phenyl-2- (4- 
cyanatidophenyl)isopropylidene <6 ) . I t  was expected th a t c a ta ly s is  would reduce 
the activation  energy yielded fo r the reaction ,C2,s' 2,7> but th a t the enthalpy 
recorded for both the catalyzed and uncatalyzed systems should be the same if  
the process is  iden tical in both cases. This is  pa ten tly  not the case i f  the 
lack of ca ta ly st fa ils  to  draw together the monomer in order to  form an 
s -tr ia z in e  ring, forming instead perhaps both linear or random polymer. The 
thermal ch arac te ris tic s  of (6) catalyzed using system (A) are tabu lated  below 
(Table 4.4), but were irreg u la r and irreproducible. I t  was in it ia lly  thought th a t 
th is  was an e ffec t conferred by the ca ta ly s t (the amount of which was 
subsequently increased), but with hindsight and a g rea t deal more experience 
with the technique, i t  is  believed th a t the average s ize  of sample used in th is  
batch (0.5-1.5 mg) was too small fo r the DSC instrum ent to  measure accurately  
the enthalpies evolved.
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Two typ ical examples of catalyzed systems are given in Figures 4.19 and 
4.20 for compounds (.20) and (2D  respectively  which i l lu s tr a te  the DSC traces 
obtained for both ca ta ly tic  blends (A), the upper trace, and (B), the lower.
Catalyst A:
In general the DSC trace  of th is  ca ta ly tic  blend containing 300 ppm 
copper (II) naphthenate and 4 phr nonylphenol exhibit a broad exotherm which 
appears to  comprise a t le a s t two or th ree  fundamental peaks w ithin i t .  The f i r s t  
peak is  a very d iffu se  exotherm, which appears to  have a maximum a t -  120 *C- 
135*C, although th is  may simply be the onset of the major peak accounting for 
th is  change in gradient. The second peak is  much more pronounced with a 
maximum a t 140-150*C, and with a magnitude of the order of approximately one 
th ird  th a t of the main peak which has i t s  maximum a t 200-219*C. The DSC traces  
of most of the catalyzed blends, with the exception of (4), display a baseline
th a t slopes s ig n ifican tly  over the span of the reaction  exotherms. This is  an 
indication of an apparent change in heat capacity, from which a ris in g  baseline 
would be expected, or more likely  of a change in sample geometry during cure.
I t  is  s ign ifican t th a t in the case of (4) and (5) the onset of reaction  
occurs d irec tly  a f te r  fusion has occurred, the so lid  s ta te  is  probably a lim iting 
facto r on reaction, and helps to  determine the reaction  k ine tics  (in much the 
same fashion as the bis-maleimides discussed in Section 3,4). However, in the 
case of (5) the baseline of the DSC trace  was the most d if f ic u lt  to  define of 
the cyanate e s te rs  studied  here for the polymerization behaviour is  largely  
being d ic ta ted  by the tem perature a t which fusion occurs. The onset of the
polymerization exotherm is  not gradual, but occurs almost immediately a f te r  the 
fusion endotherms and the onset lim it of polymerization must be ex trapolated  
from the position of the baseline preceding fusion. Hence, the enthalpy fo r the 
polymerization reaction  of (5) must be regarded with caution (and taken only as
an approximation) as the in ab ility  to  define the s ta r t  of the peak severely
lim its the accuracy of the technique.
Catalyst B:
Whereas the ca ta ly tic  blends of A generally  produced typ ica lly  sim ila r DSC 
traces, which resemble closely those previously reported for commercial 
monomers,<2,0-2,s) the blend containing the higher m etal content was only
1 W/g
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Figure 4.19 Composite plot of DSC thermograms (lOX/minute under nitrogen) of 
(.20) catalyzed with blends (A) and <B>.
1 W / g
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Figure 4.20 Composite plot of DSC thermograms (lOX/minute under nitrogen) of 
(21) catalyzed with blends (A) and (B).
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examined in th ree  cases for monomers of (6), (20), and (21). While the two
former monomers displayed very sim ilar DSC traces, the la t te r  was markedly
d iffe ren t. The DSC traces of the monomers (5) and (20) exhibit a broad exotherm
which appears to  comprise a t le a s t th ree fundamental peaks within i t .  The f i r s t  
peak is  a very d iffu se  exotherm, which appears to  have i t s  maximum a t -  110— 
120X, although th is  may simply be the onset of the major peak accounting for 
th is  change in gradient. The second peak is  much more pronounced with a 
maximum a t -  140*C, and with a magnitude of the order of about one th ird  th a t 
of the main peak. The major exotherm which has i t s  maximum a t 204 *C is  much 
larger than e ith e r of the preceding exotherms. The combined reaction  enthalpy 
for a l l  peaks is  p rac tica lly  iden tica l to  th a t obtained for the thermal
polymerization of the same m aterials.
In the case of 2,2,-bis(3-ally l-4-cyanatidophenyl)isopropylidene (21), the 
second ca ta ly tic  blend (B), containing the higher metal content d isplays a DSC 
trace  which d iffe rs  s ig n ifican tly  from th a t catalyzed with blend (A). The 
appearance of a fusion endotherm not present in the e a r lie r  trace  corresponds 
to  the c ry s ta lliza tio n  of the monomer and does not a ffec t the en thalp ies 
recorded. The broad, skewed polymerization exotherm occurs some 30 °C a f te r
fusion is  complete and appears to  comprise a t le a s t two fundamental peaks 
within i t .  The f i r s t  peak is  a very d iffu se  exotherm, which appears to  have a 
maximum a t -  150 *C while the major exotherm has i t s  maximum a t 218*C. The 
combined reaction  enthalpy for both peaks is  p rac tica lly  id en tica l to  th a t 
recorded fo r the lower level of ca ta ly sis , although both DSC tra c e s  have 
markedly d iffe ren t p ro files . These en thalp ies are a lso  in agreement with the 
values obtained for the thermal polymerization of the same monomer.
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Table 4 .4  Catalyzed C yclotrim erization  Behaviour of the Cyanate Ester
Monomers
Monomer C atalyst Scan Rate TEXo Heat of Reaction (AH)
CC/min. > CC) (J /g )  (kJ/m ole) (kJ/m ole OCN)
20 192. 3 225. 3 53. 5 53. 5
15 188. 1 237. 8 56. 4 56. 4
10 161. 3 194. 3 46. 1 46. 1
7 155. 1 162. 9 38. 7 38. 7
5 151. 0 155. 3 36. 9 36. 9
Mean 195. 1 46. 3 46. 3
20 225. 0 398. 2 94.5 94. 5
15 207. 6 388. 2 92. 1 92. 1
10 197.0 414. 2 98. 3 98. 3
7 187. 6 357. 9 84. 9 84. 9
5 181. 2 318. 5 75. 6 75. 6
Mean 375. 4 89. 1 89. 1
20 209. 1 553. 1 88. 0 88. 0
10 194. 0 521. 5 83. 0 83. 0
7 181, 4 504, 1 80. 2 80.2
5 179. 3 503.7 80. 2 80. 2
Mean 520. 6 82. 9 82. 9
20 228. 2 711. 7 113. 3 113. 3
15 213. 7 706. 7 112. 5 112. 5
10 203. 5 694. 4 110. 5 110. 5
7 196. 1 671. 8 106. 9 106. 9
5 187, 4 641. 1 102. 1 102. 1
Mean 685, 1 109. 1 109. 1
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Table 4 .4  Catalyzed C yclotrim erization  Behaviour of the Cyanate Ester
Monomers
Monomer C atalyst Scan Rate TExo Heat of Reaction (AH)
CC/min. ) CC) (J /g ) (kJ/mole) (kJ/mole OCN)
21 A 20 222.9 571. 7 204. 9 102. 5
15 221.0 520. 9 186. 7 93. 4
10 200. 3 498.2 178. 6 89. 3
7 188. 6 502. 1 180.0 90.0
5 175.5 483. 2 173. 2 86. 6
Mean 515. 2 184. 7 92.3
21 B 20 249.0 484. 6 173.7 86. 9
15 231.5 529. 0 189. 6 94. 8
10 218. 4 530. 1 190. 0 95. 0
7 224. 5 421. 0 150.9 75. 5
5 206. 5 478. 9 171.7 85. 9
Mean 488. 7 175.2 87. 6
4 A 20 257. 3 605. 4 168.5 84.3
15 227.9 633. 5 176.3 88.2
10 219.0 626. 2 174.3 87. 2
7 200. 4 582. 4 162. 1 81. 1
5 198. 9 577. 8 160. 8 80. 4
Mean 605. 1 168. 4 84. 2
5 A 20 242.4 592. 2 181. 4 90. 7
15 230. 7 543. 4 166. 5 83. 3
10 211. 1 517. 7 158. 6 79. 3
7 212. 7 456. 0 139. 7 69. 9
5 198. 0 383. 8 117. 6 58. 8
Mean 498. 6 152. 8 76. 4
Note: T* represen ts the fusion tem perature (where applicable), TEX0 is  the 
tem perature of the polymerization exotherm peak maximum, and the  heats  of
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reaction  are expressed in terms of J/g  of monomer, kJ/mole of monomer, and 
kJ/mole of cyanate group present. The ca ta ly tic  system denoted as A consisted 
of a blend of copper (II) naphthenate (300 ppm) and nonylphenol (4 phr) prepared 
as outlined in Experimental Section 2.2.6, whereas system B contained copper(II) 
naphthenate (600 ppm) and nonylphenol (4 phr).
(4.2.5) E f fec t  o f  Heating Rate on Thermal Behaviour
The re su lts  of the current work have demonstrated th a t the observed DSC 
behaviour is  closely re la ted  to  the heating ra te  a t which the sample is  
analyzed. Each of the samples examined here were examined a t a range of heating 
ra te s  (2, 5, 7, 10, 15, and 20*C), and while the position  of the peak maxima were 
expected to  a l te r  (i.e., advance to  a higher tem perature as the heating ra te  was 
increased) the p ro file  of the thermogram also  became sig n ifican tly  d iffe ren t. For 
catalyzed systems, as in the preceding section, the thermograms generally
comprised a b i- or trim odal peak with the la t te r  peak predominating. As the
heating ra te  decreased the preceding peak became s ig n ifican tly  g re a te r  in
in ten sity  a t the expense of the major peak.
To c ite  a sing le  example, for the monomer 2,2‘-b is (3 -a l ly l -4 -
cyanatidophenyl)isopropylidene catalyzed using the blend comprising 300 ppm Cuz + 
and 4 phr nonyl phenol, i.e., ca ta ly st blend A, the DSC thermogram of the 
catalyzed monomer a t a heating ra te  of 20"C/minute displays a shallow exotherm 
commencing a t 60-70 *C, with a maximum a t 140-150*C (Figure 4.21). This precedes 
a much la rger exotherm (approximately th ree  times the height of the former)
with a peak maximum a t -  220*C. At a heating ra te  of 10‘C/minute, the DSC 
thermogram now displays the same number of peaks, sh ifted  as expected to  
correspondingly lower tem peratures as a re su lt  of the slower heating ra te . 
However, in th is  case the second peak now has i t s  maximum a t 190-200 *C, but is  
now of the order of twice the height of the preceding peak. Finally, a t a 
heating ra te  of 5*C/minute the f i r s t  peak (with a peak maximum of -  130-140*0 
is  very nearly equal to  th a t of the second peak (peak maximum 170-180*0.
Aside from the expected s h if t  in peak maxima and minima, and change in
apparent peak magnitude due to  the e ffec t of heating ra te  (i.e., as the heat
flow is  p lo tted  against tem perature ra th e r than time the enthalpy appears to  be
I 20 X/min.
1 W/g
b. 10 X/min.
o
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Figure 4.21 Composite plot of DSC thermograms at various heating rates (under 
nitrogen) of (2D  catalyzed with blend (A).
1 W / g
85%
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3002000 100
Temperature (°C)
Figure 4.22 Composite plot of DSC thermograms (lOX/minute under nitrogen) of
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reduced in magnitude as the heating ra te  is  reduced. However, the magnitude of 
AH is  the area with respect to  time ra th e r than tem perature, and when 
in teg ra ted  these peaks are  of comparable magnitudes), the increase in the 
magnitude of the f i r s t  exotherm a t the expense of the second is  a marked 
d ifference between the th ree  traces.
The position of the second exotherm corresponds closely to  th a t sing le  
peak observed in the thermal polymerization of the majority of the cyanate 
e s te r  monomers (with the exception of (5) in which an impurity is  believed to  
be present), and may well be due to  the same process in the catalyzed reaction. 
I t  is  reasonable to  assume th a t the reduction in heating ra te  w ill allow a 
slower reaction  more time to  react, for the duration of the scan over the same 
tem perature lim its  is  of course g rea ter. Therefore, i t  may be postu la ted  th a t 
the f i r s t  exotherm corresponds to  a somewhat slower reaction  with a la rger 
activation  energy. This in i t ia l  exotherm may then be a ttr ib u ted , in the absence 
of any firm evidence, to  a number o f 'p o ssib le  reactions: the in i t ia l  action of 
heat upon the co -ca ta ly sts  forming the active c a ta ly tic  species or the formation 
of the postu lated  imidocarbonate interm ediate. I t  is  proposed (see Section 6) to  
fu rth er study th is  aspect of the cyclotrim erization reaction  using DSC, FT-IR, 
and, i f  available, so lid  s ta te  nmr spectroscopy in an attem pt to  fu r th e r 
elucidate the cyclotrim erization reaction  mechanism.
(4.2.6) E f fec t  o f  P urity  an Thermal Behaviour
Shimp*21 s> has demonstrated th a t the a ry l cyanate e s te rs  are  extremely 
sen sitiv e  to  the presence of im purities, and th e ir  influence on the therm al 
behaviour of these m aterials. He has shown th a t for 2,2 '-bis(4-cyanatidophenyl) 
isopropylidene the presence of le ss  than 1% impurity is  su ff ic ie n t to  a l te r  the 
DSC trace  from a bimodal d is trib u tio n  containing a small d iffu se  peak, a t -  
280 X, and a much la rg er peak a t -  347 X to  a sing le  broad peak centred a t 
283X. However, i t  must be noted th a t the reaction  enthalp ies recorded fo r both 
of these analyses were p rac tica lly  iden tica l (within the lim ts of the technique), 
632 J/g  and 625 J/g. The trace  of impurity in the ‘crude* sample in it ia te d  the 
onset of reaction  some 25-30 *C before th a t of the more pure m aterial.
Similarly, the newly-prepared ary l cyanate e s te r, 2 ,2 '-b is (3 -a lly l-4 -  
cyanatidophenyl)isopropylidene was analyzed by DSC before and a f te r  p u rif ica tio n  
by preparative HPLC. In itia lly , the m aterial (an amber viscous liqu id) was
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analyzed a t -  85% purity  using an aly tica l HPLC, and the DSC trace  obtained from 
th is  m aterial (heating ra te  10*C/minute, under nitrogen) is  shown in Figure 4.22. 
The DSC trace  comprises a bimodal peak (which commences before 150’C, ris in g  to  
a shoulder a t -  240 *C, and a peak maximum a t 277*C) followed by a sm aller peak 
a t 347*C which precedes the onset of degradation a t 370-380*C. A fter 
preparative-HPLC was used to  purify  a sample to  * 98% purity  to  produce a 
c ry s ta llin e  solid, i t  was again analyzed using the same conditions. The DSC trace  
now dispays a melt endotherm a t 48 *C followed by a single, s lig h tly  skewed peak 
with a peak maximum a t 257 *C. The onset of cure is  now much la te r  (- 175*C). 
Hence, the same fea tu re  (i.e., the enhanced re a c tiv ity  of the impure sample) is  
again observed in the two m aterials d iffe rin g  only in th e ir  degree of purity.
(4.2.7) E f fec t  o f  C ata lysis on Thermal Behaviour
I t  has already been s ta ted  in the preceding Section th a t in general, for 
the a ry l cyanate e s te rs  studied in the course of th is  work the DSC thermogram 
corresponding to  thermal polymerization contained a single bell-shaped curve 
(see Figure 4.16). The sing le  peak observed in the thermal polymerization of the 
m ajority of the cyanate monomers (with the exception of M-10) did not vary 
g rea tly  in i t s  position between monomers for a given heating ra te . However, on 
ca ta ly sis  the p ro file  of the DSC traces  a l l  changed radically . In place of a 
single be ll shaped peak spanning 180-350*C with a maximum a t -  282*C, for 2 ,2 '- 
jbis(4-cyanatidophenyl)isopropylidene (at a heating ra te  of 10*C under nitrogen), 
the catalyzed system now displays a small d iffu se  exotherm commencing a t -  
90 *C, d irec tly  a f te r  fusion and peaking a t 160*C. I t  is  followed by a much 
larger, be ll shaped exotherm with i t s  maximum at 219*C (much lower than the 
uncatalyzed system). Furthermore, the reaction  enthalpy of the catalyzed 
poly cyclotrim erization reaction  is  considerably lower than th a t of the thermal 
polymerization (cf. 763 J/g  fo r the former and 626 J/g  for the la tte r ) .  These 
fea tu res  are il lu s tra te d  in Figures 4.19 and 4.20 for (20) and (21) respectively .
(4.2.8) E f fec t  o f  A d d itives upon the  Thermal Behaviour o f  l-A lly l-2 -  
cyanatidobenzene
I t  was hoped th a t the novel compound l-a lly l-2-cyanatidobenzene would 
serve as a usefu l model fo r the more technologically-applicable d ifunctional 
m aterial 2 ,2 '- t>is(3-allyl-4-cyanatidophenyl) isopropylidene, in allowing s tu d ies  
to  be made of both i t s  thermal behaviour and the conditions required to  e ffe c t
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i t s  cure. The monomer bears two functional groups (also found in the 
difunctional m aterial) of d iffering  re a c tiv itie s : the cyanate group and a lso  the 
a lly l group. Both su b s titu en ts  are  able to  undergo homopolymerization (the 
cyanate group via the cyclotrim erization mechanism and the a lly l group via a 
free  rad ical polymerization).*200 A study was made of the e ffec t of various 
additives in common use as in i t ia to r s  and re ta rd an ts , and of the recommended
ca ta ly tic  blend (which i t  was envisaged might be of use in determining the
optimum method of form ulation/processing of the bis-cyanate e s te r  analogue). In 
each case, the monomer and additives were analyzed a t a fixed heating ra te  of 
10*C/minute under nitrogen.
(4.2.8.1) The Thermal Polymerization o f  1 -A lly l-2 -cyana tidobenzene
The DSC trace  of the pure (- 98% by HPLC) l-ally l-2 -cyanatidobenzene
monomer (10*C/minute, under nitrogen) exh ib its  a s lig h tly  skewed curve spanning 
150-280 X, AH = 717 J/g. Only one exotherm is  observed, the sample appearing to  
undergo the onset of decomposition a t * 300-320X which apparently occurs a f te r  
the polymerization exotherm has ended (Figure 4.23, trace  i).
(4.2.8.21 The E ffec t o f  Free Radical In itia tio n
The addition of 1% (w/w) of a m aterial known to  in i t ia te  the propagation 
of free  rad ical polymerizations (e.g., azo -iso -b u try o n itrile , AIBN), see Section 
1.2.2.1, was carried  out to  in v estig a te  the e ffec t on the polym erization
ch arac te ris tic s  of the monomer. The DSC thermogram of the monomer and in i t ia to r  
(Figure 4.23, trace  ii)  displays a broad s e r ie s  of exotherms, spanning 90-270 X, 
and comprising a t le a s t th ree  peaks. Two small exotherms have appeared in the 
new ly-in itia ted  mixture, of comparable magnitude and centred a t 120* and 170*C. 
The major polymerization exotherm has i t s  maximum a t 232 *C, and appears to  be 
at a s lig h tly  lower tem perature than th a t in the pure th e rm a lly -in itia ted  
polymerization but displaying an even, bell-shaped curve. The to ta l  enthalpy 
determined for a l l  th ree  peaks is  AH = 715 J/g  p rac tica lly  equal (w ithin the 
lim its of the technique) with th a t of the therm ally -in itia ted  polymerization. In 
the absence of fu rth e r examination of the interm ediate species which may be 
produced during the evolution of the in i t ia l  exotherms, i t  may be postu la ted  
tha t they are due to  the activation  of the in i t ia to r  by therm olysis (which 
cleaves the in it ia to r  homolytically to  produce free  rad ica ls  able to  in i t ia te
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Figure 4.23 Composite plot of DSC thermograms <10T/minute under nitrogen)
demonstrating the e ffec t o f additives upon the thermal behaviour 
of (2V).
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ally  lie  chain propagation and rad ica l tra n s fe r  processes. The in i t ia to r  is  only 
designed to  act a t lower (- 100*C) tem peratures, and so as observed in the DSC 
trace  the bulk of the thermal reaction  remains unchanged as the tem perature 
r is e s  above the usable range of the in itia to r . A sim ilar phenomenon has been 
observed by de la  Campa e t aL(2i in a study of the free -rad ica l in itia tio n  of N- 
phenylmaleimide using a varie ty  of peroxide-based in itia to rs .
(4.2.8.3) The E f fec t  o f  Free Radical In h ib itio n
Having examined the e ffe c t of a m ateria l which w ill fa c i l i ta te  the
polymerization of the a lly l group, i t  was decided to  investiga te  the converse. 
To the monomer was added 6% Cw/w) of a m aterial known to inh ib it free  rad ical 
polymerization reaction  by scavenging available free  rad icals  as they are 
produced by therm olysis, see Section 1.2.2.1, (e.g., £ert-butylcatechol). The DSC
thermogram of the monomer and inh ib ito r (Figure 4,23, trace  i i i )  displays a 
single even exotherm spanning 130-275 *C (TMAX 218*C). The position  of the
polymerization exotherm has sh ifted  to  a s lig h tly  lower tem perature, appearing 
to  commence i t s  reaction  before th a t of the monomer alone. The exotherm is  also  
of markedly lower magnitude (AH, 101 kJ/mole) than th a t observed during purely 
thermal polymerization. This is  not unexpected as the addition of such an 
appreciable quantity  of free -rad ica l inh ib ito r should, i f  su ffic ien t in h ib ito r has 
been added, serve to suppress the bulk of the free  rad ical reaction  re su ltin g  in 
an enthalpy corresponding purely to  the therm al polymerization of the cyanate 
groups in the monomer. In fac t the enthalpy recorded in th is  case, which
corresponds to  101 kJ/mole of 0-C=N present, is  p rac tica lly  iden tica l to  th a t 
reported e a r lie r  (see Table 4.3) for the thermal polymerization of 2-phenyl-2- 
(4-cyanatidophenyl)isopropylidene (AH = 97 kJ/mole of 0-C=N). Allowing for the
e ffec t of the s te r ic  hindrance conferred by the ortA o-substituted a lly l group 
making polymerization le ss  easily  achieved, these figu res would appear to  be in 
close agreement.
(4.2.8.4) The E f fec t  o f  M etal/Active-H ydrogen C ata lysis (using blend B)
Figure 4.23, trace  iv, i l lu s tr a te s  the e ffec t of adding a suggested
ca ta ly tic  blend1105,210-214> for cyanate e s te r  polymerization -  600 ppm copper(II)
naphthenate and 4 phr nonylphenol (the blending of which is  described in the 
Experimental Section 2.2.6). The DSC trace  of the catalyzed blend (10*C/minute 
under nitrogen) exh ib its  a broad exotherm spanning 70-275 *C. The exotherm
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appears to  contain a t le a s t th ree  fundamental peaks w ithin i t .  The f i r s t  peak is  
a very d iffu se  exotherm, which appears to  have a maximum a t * 120X, the second 
peak is  much more pronounced with a maximum a t 140X, and with a magnitude of 
the order of one q uarte r of the main peak. The major exotherm has i t s  maximum 
a t 204 X, and the combined reaction  enthalpy for a l l  peaks is  694 J/g  
(p ractically  iden tical, w ithin the lim its  of the technique, to  th a t obtained for 
the thermal polymerization of the same m aterial, Table 4.3).
As discussed in Section 4.1.2, a mechanism has been suggested fo r the 
catalyzed cyclotrim erization of cyanate e s te r  molecules, but as yet no firm 
evidence has been put forward to  su b stan tia te  i t  (work continues to  e lucidate 
the mechanism fu rth e r by iso la tin g  interm ediates, see Section e ) .'96’ I t  may be 
postulated  th a t the thermogram is  trimodal for the following reason: The f i r s t  
peak (TMAX, 110X ) may be due to  the in i t ia l  action of the ac tiva tion  of the 
ca ta ly st. The second peak (THAX, 130*C) is  variab le in magnitude: The ra tio  
between the second and th ird  peaks a lte rs  with heating ra te  (see Section 4.2.5) 
(i.e., as the heating ra te  slows, the second peak becomes la rger a t the expense 
of the th ird). This implies th a t the length of reaction  time is  an important 
fac to r on the extent of the second reaction  (as a slower scanning ra te  allows a 
g rea te r chance for the co -reac tan ts  to  in te rac t a t the reaction  tem perature). 
The second peak may well correspond to  the action of the ca ta ly st in forming 
the imidocarbonate as suggested in the reaction  mechanism. The th ird , main, peak 
is  centered a t 204X and may s t i l l  correspond to  thermal polymerization.
(4.2.8.5) The Combined E f fec t  o f  C ata lysis and Free Radical In h ib itio n
In order to  complete the analysis of the e ffe c ts  of add itives and 
ca ta ly sts , i t  was decided to  combine the e ffe c ts  of two additives in an attem pt 
to  iso la te  one of the polymerization reactions. The f in a l condition therefo re  
i l lu s tra te s  the combined e ffec t of adding both the cyanate c a ta ly tic  blend 
described in the previous Section along with the free -rad ica l inh ib ito r. In th is  
way i t  would be hoped th a t free -rad ica l reactions would be largely  suppressed 
while allowing the cyclotrim erization mechanism to  proceed. To the monomer were 
added the ca ta ly tic  blend B, and the same quantity  of free  rad ica l inh ib ito r 
th a t had e a r lie r  been employed with apparent success, to  inh ib it the 
polymerization by free  rad ical means (i.e., 6% iert-bu ty lca techo l). The DSC trace  
of the re su ltin g  mixture (Figure 4.23, trace  v) exh ib its  a sing le  bell-shaped 
peak spanning 50-250X with i t s  maximum a t 155 X (AH = 485 J/g). The position
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of th is  peak was g rea tly  sh ifted  to  a lower tem perature, and in te restin g ly , is  
centred not a t the position  now associated  with pure thermal polymerization 
(see the f i r s t  condition), but in close proximity to  the second peak observed in 
the catalyzed blend discussed above.
The s itu a tio n  is  possibly too complex to  reach any firm conclusions in 
th is  fin a l condition (as the blend contains a large proportion of 
ca ta ly tic /in h ib ito ry  species, making the s itu a tio n  le ss  than ideal). However, i t  
might be argued th a t the addition of the c a ta ly tic  blend should promote the 
polycyclotrim erization reaction  ra th e r than th a t of the thermal polymerization 
(assuming th a t as Shimp p o s tu la te s '215' 217’ th a t there  are in fac t two d iffe ren t 
reactions, as the re s u lts  of th is  work seem to  support); while the addition of
Table 4.5 Demonstrating the Effect of Additives upon the Polymerization 
Behaviour of l-Allyl-2-cyanatidobenzene (20).
Monomer A dditive  Scan Rate TEX0 Heat of R eaction (AH)
CC/min, ) CC) (J /g )  (kJ/m ole) (kJ/m ole OCN)
20 C 10 231.7 714. 8 113.8 H3v3
D 10 218.3 634. 8 101. 1 101.1
E 10 232. 6 713. 9 113.6 113.6
F 10 155. 1 485. 3 77. 3 77.3
Note: TEX0 is  the tem perature of the polymerization exotherm peak maximum, and 
the heats of reaction  are expressed in terms of J/g  of monomer, kJ/mole of 
monomer, and kJ/mole of cyanate group present. The additive system denoted as C 
consisted of 1% (w/w) azo -isc rb u ty ro n itrile  (AIBN); D contained 6% te r t -
butylcatechol; E contained 3% tert-bu ty lca techo l, and F a blend of copper (II) 
naphthenate (600 ppm), nonylphenol (4 phr) and 6% tert-bu ty lca techo l.
the free  rad ica l in h ib ito r should suppress not only the polymerization of the 
a lly l group, but additionally  any other reactions which are proceeding via a 
free  rad ical mechanism. An inference which might be drawn from th is  re su lt, 
taken in conjunction with those above, is  th a t the second peak observed in the 
DSC trace  of the catalyzed mixture may be due to  the cyclotrim erization 
mechanism (having largely  suppressed the free -ra d ic a l reaction); th is  exotherm 
corresponds solely to  the poly cyclotrim erization of 1-ally  1-2-cyanatidobenzene, 
or th a t the thermal polymerization occurs through a free -rad ica l mechanism. The 
re su ltin g  enthalpy for th is  supposed reaction, 77.3 kJ/mole of 0-C=N, is  not 
g rea tly  d issim ilar for the same reaction  of 2-phenyl-2 -(4 -
cyanatidophenyl)isopropylidene, 98 kJ/mole of 0-C=N.
(4.2.8.6) Summary o f S tudy o f A dd itive  E f f e c t s
This work is  not su ffic ie n t to  confirm the hypothesis th a t the exotherm 
observed to  precede the main peak corresponding to  thermal polymerization is  
due to  polycyclotrim erization. Further work is  necessary to  iso la te  interm ediate 
species possibly occurring during the reactions, in order to  e lucidate  the 
reaction  mechanisms more fu lly  (see Section 6).
(4.3) Reaction K inetics o f  th e  Thermal Polym erization Reaction
For a derivation of the reaction  k inetics used in th is  Section, the reader 
is  d irected  to  Section 2.4.2.4. Furthermore, as the discussion of reaction  
k inetics derived from DSC data has already arisen  with the data yielded by the 
Michael addition reaction  of the aspartim ide prepolymer blends, the comments 
presented here w ill be b rief.
Heat flow and tem perature data were obtained through the DSC exothermic 
peaks a t a varie ty  of heating ra te s , as outlined above. The data were analyzed 
using the simple n 'th -o rder k inetic  model:
In (r) -  n .ln ( l-a )  = In (A) -  E/RT (4.1)
discussed by Barton02’ where r  is  the ra te  of conversion, n is  the order of 
reaction, a is  the frac tio n a l conversion, A is  the pre-exponent a l parameter, E is
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Figure 4.24 Plot of In(r>-n.in(l-a) vs. 10s /T over the conversion range 5-90% 
(shown for n = 1) for thermal polymerization of (6).
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Figure 4.25 Stacked Arrhenius plot of ln(r> vs. 10s /T shown for (6).
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the apparent activation  energy, R is  the gas constant, and T is  the absolute 
temperature.
A plot of the le ft-hand  side of the equation (4.1) against 1/T for the 
correct value of n should be linear i f  the data are well f i t te d  to  the model. 
The best f i t  values of In (A) and E may be found from the in te rcep t and slope 
respectively  obtained by a linear regression  analysis. The k inetic  analyses 
yielded Arrhenius param eters which are tabulated  below (Table 4.6)
(4.3.1) 2-Phenyl-2 - (4-cyanatidophenyl)isopropylidene (6)
For a l l  scans, the analyses were carried  out predominantly in the 5-80%
conversion range, although in one case th is  was extended to  92%. For a l l  samples 
of (6), irrespective  of scan ra te , the fea tu res  of the p lo ts  were very sim ilar 
and only one typical example is  shown (Figure 4.24). The data are displayed for 
a sing le  reaction  order n = 1. The f i r s t  order p lo t is  a very close f i t  to  
lin ea rity  u n til  -  85-90% conversion when a deviation is  observed, and the 
apparent reaction  order begins to  decrease. At th is  point i t  may be assumed 
th a t the reaction  becomes d iffusion  controlled. The k inetic  data are presented 
in Table 4.6. The apparent ac tivation  energy for (6) varied very l i t t l e  during 
the thermal polymerization 54.04 -  60.13 kJ/mole, as is  demonstrated by the 
stacked Arrhenius plot (Figure 4.25), and the mean value was 56.3 kJ/mole; InA 
41.0 -  49.7.
(4.3.2) l-A llyl-2-cyanatidobenzene (20)
For a l l  scans, the analyses were carried  out predominantly in the 5-90%
conversion range, although in one case th is  was reduced to  to  75%. For a l l  
samples of (20), irrespective  of scan ra te , the fea tu res  of the p lo ts  were very 
sim ilar. The f i r s t  order plot was a very close f i t  to  lin e a rity  u n til  -  90% 
conversion when a deviation was observed, and the apparent reaction  order began 
to decrease. At th is  point i t  may be assumed th a t the reaction  becomes
diffusion controlled. The k inetic  data are presented in Table 4.6. The apparent 
activation  energy for (20) varied very l i t t l e  during the thermal polymerization 
(77.90 -  87.60 kJ/mole, mean value 83.7 kJ/mole; InA 21.6-27.3). The ac tiva tion  
energy is  markedly higher than th a t derived for (6) possibly re fle c tin g  the
influence of the s te r ic  hindrance conferred by the ortho-su b s titu te d  a lly l 
group.
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Intaroaptt 2.8302E«001
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Figure 4.26 Plot of fn(r>-n.lnU-a) vs. 10s /T over the conversion range 5-90% 
(shown for n = 1> for thermal polymerization of (4).
(In r-n . In (1-alpha)) vs. 1000/T 5-90 ^conversion
0 0 0
1.6 1.7 l.B 1.9 2.0 2.1
Figure 4.27 Plot of In(r)-n .tn(l-a) vs. 10s /T over the conversion range 5-90% 
for thermal polymerization o f (5).
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(4.3.3) 2 ,2 t-B is(3-allyl-4-cyanatidophenyl)±sopropylidene (21)
For a l l  scans, the analyses were carried  out predominantly in the 5-90%
conversion range, although in one case th is  was reduced to  between 10 and 75%. 
For a l l  samples of (21), irresp ectiv e  of scan ra te , the fea tu res  of the p lo ts 
were very sim ilar. The f i r s t  order plot was a very close f i t  to  lin e a rity  u n til  
-  90% conversion when a deviation was observed, and the apparent reaction  order 
began to  decrease. At th is  point i t  may be assumed th a t the reaction  becomes 
d iffusion  controlled. The k inetic  data are presented in Table 4.6. The apparent 
activation  energy for (21) varied very l i t t l e  during the thermal polymerization 
(81.21 -  95.92 kJ/mole, mean value 91.6 kJ/mole; InA 22.7 -  29.5).
(4.3.4) 2 ,2 '-B is(4-cyanatidophenyl)isopropylidene (4)
For a l l  scans, the analyses were carried  out predominantly in the 5-45%
conversion range, although in one case th is  was reduced to  36%. For a l l  samples 
of (4), irrespective  of scan ra te , the fea tu res  of the p lo ts were very sim ilar 
and only one typical example is  shown (Figure 4.26). The data are displayed for
a single reaction  order n = 1. The f i r s t  order p lot is  a very close f i t  to
lin ea rity  u n til -  36-54% conversion when a deviation is  observed, and the 
apparent reaction order begins to  decrease dram atically. At th is  point i t  may be 
assumed th a t the reaction  becomes d iffusion  controlled.
This conflic ts  with data published by Bauer e t a l t23’241 who reported th a t 
th e ir  DSC data revealed th a t th e ir  thermal polymerization reaction, a lb e it on 
impure m aterials, conformed to  f i r s t  order k inetics u n til  -  60% conversion at 
which point gelation was found to  occur. Shimp4210-215> also  s ta te s  th a t dicyanate 
e s te r  monomers do not ge l (form thermoset p la s tic s ) u n til  60-65% of the cyanate 
functional groups have been in ring formation. He goes on to  report th a t, using 
a method of cure monitoring based upon changes in re frac tiv e  index,4106* p lo ts  of 
re frac tiv e  index versus conversion of cyanate functionality  to  s - tr ia z in e  e s te rs  
are linear to  50% conversion -  a value much closer with the gel point in ferred  
from the data reported herein. Korshak e t a l.4131) carried  out a de ta iled  study 
into the process of gel formation in solvent (ra ther than the bulk 
polymerization conditions studied here) using 2 ,2 '-b is (4 -
cyanatidophenyl)isopropylidene as the subject. By examining fac to rs  such as 
varia tion  of he solvent, ca ta ly st, and monomer concentration, they were able to
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determine th a t the gel point for th is  p a rticu la r monomer could vary from 40-90% 
conversion depending on the prevailing conditions. The k inetic  data are 
presented in Table 4.6. The apparent ac tivation  energy for (4) varied very l i t t l e  
during the thermal polymerization (51.33-55.95 kJ/mole, mean value 53.4 kJ/mole; 
InA 26.3-42.5).
(4.3.5) 4 ,4 '-B is(3,5 -d im eth yl-4 -cyanatidophenyD isopropylidene (5)
In the fin a l condition, the second impure comercial dicyanate e s te r  behaved
in a fashion more readily  expected from a catalyzed system ra th e r  than a
re la tiv e ly  more simple thermal polymerization. I t  was readily  apparent th a t the 
reaction  which was occurring was somewhat more complex than th a t observed for 
any of the previous monomers, and th a t the mechanism did not f i t  a simple n’th  
order k inetic  model very closely. A rep resen ta tive  plot is  presented to
i l lu s tr a te  th is  point (Figure 4.27), but i t  can be easily  seen th a t the apparent 
reaction  order was changing on severa l occasions during the reaction, making any 
Arrhenius p a ra m e te rs  derived from the data valid only for small conversion 
ranges. Hence, no attem pt was made a t a k inetic  analysis, and the re la tiv e ly
impure condition of the sample was c ited  as the reason for the anomalous 
behaviour.
(4.3.6) Reaction Order o f  Cyanate E ste r  Thermal Polym erization Reaction
As can be seen from the preceding Sections and the k inetic  param eters
presented in Table 4.6, with the exception of the te tram e th y l-su b stitu ted  
cyanate e s te r , a l l  of the thermal polymerizations conform very read ily  to  a
f i r s t  order mechanism. Korshakc187> investigated  the comparative c a ta ly tic
a c tiv itie s  of various p ro tic  and apro tic  acids and bases as well as th e ir  
mixtures upon the bulk polycyclotrim erization of a ry l cyanates using as an
example 2,2'-bis(4-cyanatidophenyl)isopropylidene. I t  was found th a t in the 
in i t ia l  stages the poly cyclotrim erizat ion of the 0-C=N groups of a ry l dicyanate 
e s te rs  obeys the re la tio n s  of the quasi-unim olecular reaction. The ra te  
constants and activation  energies for th is  process, carried  out in the presence 
of various types of ca ta ly s ts , were calculated  and i t  was shown th a t the 
ca ta ly tic  a c tiv it ie s  of te r t ia ry  amines and phenols are proportional to  th e ir  pK, 
values and increase with the b asic ity  of amines and the acid ity  of phenols.
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Alt hough there  is  no conclusive evidence, the observed f ir s t-o rd e r  k inetics 
in th is  work would suggest th a t the ra te  determining s tep  is  the formation of 
the proposed imidocarbonate interm ediate (see Figure 4.3) which then fu rth er 
reac ts  with two cyanate e s te r  monomers to  form an s - tr ia z in e  ring. This is  
generally consisten t with the mechanism proposed by Shimp and outlined e a r lie r  
(see Section 4.1.4),
(4.4) Thermal S ta b ili ty  o f  Aryl Cyanate E ster  Polymers
Much work has been carried  out on the thermal s ta b i l i t ie s  of a varie ty  of 
ary l cyanate e s te rs  as te s t i f ie d  by the review of Pankratov e t a l.t,87)
Nakamura e t al. (1969)cl76) investigated  a se r ie s  of fo rty  su b stitu ted  
polycyanurates to  demonstrate the e ffec t of both molecular weight and the 
term inal functional groups on various p roperties. The therm o-oxidative (rather 
than thermal) s ta b i l i t ie s  of the polymers were determined a f te r  having been 
h ea t- trea ted  a t 200 X for one hour, Nakamura et al. reported th a t polycyanurates 
of higher molecular weight showed excellent therm o-oxidative s ta b ility , and tha t 
thermal degradation or cross-linking  of the molecular chain was observed with 
polycyanurates bearing alkoxy, piperidyl, chloro or phenoxy su b s titu en ts  in the 
s - tr ia z in e  nucleus. The incorporation of phenyl, -N(C6H4)2, or carbazyl 
su b stitu en ts  increased the therm o-oxidative s ta b i l i ty  (with the in i t ia l  weight 
loss occurring mostly a t 360-375X in a ir). Polycyanurates having 
phenolphthalein, dihydroxbenzophenone, or a diphenylsulphone nucleus, ra th e r than 
one based on a 6is-phenol, exhibited a sm aller weight loss in the tem perature 
range 350-400‘C.
The thermal s ta b i l i t ie s  of carborane-containing dicyanate e s te rs  was 
reported by Korshak et a l.,t132,187) who found th a t polymers based on 
dicyanatidomethylcarboranes exhibited lower heat re s is tan ce  compared with 
aromatic polycyanurates, but sim ilar onset tem peratures of weight loss to  th e ir  
carbocyclic analogues. The polymers also appeared to  exhibit large char y ields 
a t elevated tem peratures, between 500° and 1000 X, while often  re ta in in g  
d efin ite  strength . The polycyanurate based on l,2-bis(4-cyanatidophenyl)carborane 
was reported to  lose only 2% of i t s  weight in a ir  a t 900 X, and 16% a t the same 
tem perature in an atmosphere of helium. While these m aterials are not easily , or 
economically, prepared on a large scale, i t  was noted th a t addition of small
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q u an titie s  of carborane-containing cyanates were observed to  increase the 
thermal s ta b i l i ty  of poly cyanurat e/aroma t ic  dicyanate e s te r  copolymers. The 
polymer of 2,2 '-bis(4-cyanatidophenyl)isopropylidene was reported  to  lose 58% of 
i t s  weight on heating in a ir  for one hour a t 350 *C, whereas on addition of 0.25 
mole % of 1,2-dicyanatidodiphenylcarborane th is  figu re  was reduced to
2 7 % .C 1 3 2 .  187)
Pankratov e t a l 4187’ reported  th a t the majority of poly triazines, the c lass 
to which many polycyanurates belong, are known to  exhibit an enhanced thermal 
s ta b i l i ty 4132*186*,87' 1 due to  the aromatic natu re  of the tr iaz in e  ring  whose 
thermal s ta b i l i ty  is  close to  th a t o f the benzene r ing.(187' 209' 2,8< ,32' 26SJ A number 
of s tu d ies  on the influence of the chemical s tru c tu re  of the in i t ia l  monomers 
on the thermal s ta b il i ty  of the polycyanurates have been described,4134, 187> and a 
comparative study has been made of the thermal and therm o-oxidative degradation 
under dynamic and isotherm al conditions of polycyanurates obtained from the 
polycyclotrim erization of a ry l dicyanate e s te rs  containing d iffe ren t cen tra l 
linkages.4 134*1871 I t  was found th a t the decomposition reaction  of polycyanurates 
with d iffe ren t s tru c tu re s  in a ir  is  of the same type; i t  proceeds in severa l 
s tages and is  accompanied by the evolution of heat (indicated by the exothermic 
e ffe c ts  observed in the tem perature ranges 380-420 *C and 490-580*0. In the 
in i t ia l  decomposition stage, the decrease in weight is  20-40% and in the second 
stage up to  90%. An exception is  the therm o-oxidative degradation of the 
polycyanurate based on dicyanatidodiphenylcarborane. The beginning of the 
decrease in the weight of th is  polymer is  observed a t 390‘C and a t 450 *C the 
weight loss is  10%. On fu rth e r increase of tem perature, the weight of the 
polymer r is e s  and a t 650*C is  107% of the in i t ia l  value. The weight then again 
gradually decreases, amounting to  approximately 96% of the in i t ia l  value a t 
850 X (other carborane-containing polycyanurates behave sim ilarly).
In an in e rt atmosphere, the decomposition of polycyanurates a lso  proceeds 
in two stages. Under these conditions the tem peratures of the onset of decrease 
in weight and the tem perature ranges corresponding to  the vigorous 
decomposition of polycyanurates are somewhat displaced towards higher 
tem peratures compared with degradation in a ir .4134* 1871 Large residues of carbon 
are ch arac te ris tic  of the degradation of polycyanurates in an in e rt atmosphere 
up to  900*C.4134> 1875 In a s e r ie s  of polycyanurates based on a ry l dicyanate e s te rs  
with d iffe ren t su b stitu en ts  a t the cen tra l carbon atom, polymers with polycyclic
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groups a t the cen tra l carbon atom in the in i t ia l  dicyanate e s te r  were reported 
to  have high thermal s ta b i l i ty .4134' 1871
A study by Korshak e t al. of the degradation process in a ir  and in vacuo 
of polycyanurates based on 2,2 '-bis(4-cyanatidophenyl)isopropylidene showed41871 
th a t the decomposition proceeds as a f ir s t-o rd e r  reaction  and obeys the 
Arrhenius equation, i t  a lso  demonstrated th a t polycyanurates containing bulky 
subgroups exhibited markedly higher thermal s ta b ility , and th a t the presence of 
m oisture in the polymers had a s ig n ifican t influence on the natu re  and degree 
of th e ir  decomposition.
The influence of molecular weight and of the chemical na tu re  of the 
internodal fragments of polycyanurates on th e ir  thermal and therm o-oxidative 
degradation has also  been investigated  in polycyanurates based on 
oligoaryleneoligosulphones.41871 An increase of molecular weight of these 
polymers confers some increase in therm al s ta b ility . Korshak41871 in 1974 
reported TGA data in argon for 4,4'-dicyanatidobiphenyl and 9 ,9 '-b is (4 - 
cyanatidophenyl)fluorene. The polycyanurates thus formed began to  undergo 
degradation above 350-380 *C.
Jarvie (1988)41191 assessed the therm al-oxidative s ta b i l i ty  of the Dow 
Chemicals* dicyanate e s te r  monomer based on dicyclopentadiene, XU 71787.02L (see 
Scheme 1 for s tru c tu re ). The res in  was reported  to  show a weight lo ss of 5% 
a f te r  being heated a t 10*C/minute to  -  420 *C in a n itrogen atmosphere. This 
preceded a very rapid weight loss of -  40% over 25 *C, reaching an eventual char 
yield of 45% a t 600 *C. Shimp4210-2141 also  evaluated th is  res in  and reported  an 
onset tem perature of 405 *C in a ir, and a char yield of 32% in n itrogen  a t 600 *C 
-  considerably lower than the e a r l ie r  value.41191
Cercena (1984 )4421 reported th a t thermogravimetric analysis performed on 
the 2,2 '-bis(4-cyanatidophenyl)isopropylidene monomer (at a heating ra te  of 
10*C/minute under n itrogen) revealed a 5% weight loss occurred a t about 200 *C 
during trim erization. A fter th is  in i t ia l  5% weight loss, no fu r th e r loss  was 
recorded u n til over 400 *C; in oxygen th is  decomposition was observed at 
approximately 350 *C. A dicyanate-term inated oligocarbonate was a lso  examined in 
the same manner, and while the monomer began to  lose weight s tead ily  a f te r  
approximately 200 *C (reaching a residual loss of 60% at 350*C), the polymer 
showed only minimal weight loss up to  th is  tem perature.
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Cozzens e t a I 4S4>> reported  TGA data obtained from measurements carried  out 
on a homopolymer of 2,2,-M s(4-cyanatidophenyl)isopropylidene and various co­
polymers with 2-phenyl-2-(4-cyanatidophenyl)isopropylidene in n itrogen a t a 
heating ra te  of 10’C/minute. In th is  p a rticu la r study the TGA data were obtained 
with the objective of co rre la ting  thermal s ta b i l i ty  with degree of cross-linking  
(regulated by the addition of the monofunctional cyanate e s te r  to  prevent 
fu rth e r cross-linking). The cyanurate model compound, 2 -p h en y l-2 -(4- 
cyanatidophenyl) isopropylidene, displayed an onset of weight lo ss  a t 375 *C 
which increased to  10% a t 430 *C, followed by a rapid weight loss to  a 7% char 
residue a t 700 *C. All of the polycyanurate samples exhibited a weight loss onset
a t approximately 200 *C which gradually increased to  10% a t 420 *C followed by
rapid weight loss to  a residue which ranged from 37 to  41% a t 700 *C as the 
content of d ifunctional cyanate e s te r  (and hence the crosslink  density) 
increased from 62 to  100%, The rapid weight loss a t 420-430‘C was found to  
correspond well with DSC measurements, made a t the same heating ra te  in 
nitrogen, which revealed a decomposition exotherm a t 430-440 *C. The in i t ia l  
gradual weight loss up to  10% between 200 and 420 *C was not found to  p a ra lle l 
th a t of the model compound and Cozzens e t aL<BO) suggested th a t th is  was due to 
the presence of s tru c tu re s  within the network which decompose a t lower 
tem peratures, v o la tile  side reaction  products, or im purities (i.e., w ater or 
solvent). The char residue a t 700°C for the copolymers was much g re a te r  than 
th a t of the model compound, and while the polymer sample char y ield was found 
to  be re la tiv e ly  in sensitive  to  the d ifunctional cyanate sample content, i t  did 
co rre la te  with the degree of cross-link ing  as determined by in frared
spectroscopy.
Pankratov e t al.1' 32,1871 studied the degradation products of polycyanurates 
and showed th a t they consist mainly of C02, CO, H2, compounds containing the
triaz in e  ring (cyanuric acid and i t s  phenyl e s te rs ), phenol and bis-phenols. The 
study of the decomposition products of polycyanurates and th e ir  model compounds 
led to  a degradation mechanism involving h e te ro ly tic  and homolytic decomposition 
reactions4132*,87> I t  has been suggested th a t the degradation of polycyanurates 
begins with the hydrolytic cleavage of the e s te r  linkage and is  accompanied by 
the subsequent decomposition of the tr iaz in e  ring via both h e te ro ly tic  and 
homolytic mechanisms. I t  has been noted th a t the e ffec t of the hydrolysis of the 
e s te r  linkage in the early  s tag es  may be somewhat suppressed by the 
introduction of bulky side groups in to  the polycyanurate chain.4132,1871
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Shimp (1985-89)4210-2141 evaluated the therm o-oxidative s ta b i l i ty  of h is 
commercial cyanate e s te r  resin s, and reported th a t while short term exposure to  
high tem peratures in a ir  indicated high s ta b i l i ty  (with onset tem peratures for 
2,2,-4 ,4 ,-bis(3,5-dim ethyl-4-cyanatidophenyl)m ethane, bis(4-cyanatidophenyl>
isopropylidene, and bis(4-cyanatidophenyl)sulphide of 400*, 403°, and 411*C
respectively), long term service in a ir  a t 2 200*C caused polycyanurates to  f a i l  
prematurely by outgassing -  the evolution of v o la tile  degradation products. 
Swelling was noted a t re la tiv e ly  low weight loss values, indicating th a t a 
degradation mechanism other than chain scission  is  a lim iting fac to r in long 
term service a t tem peratures within -  50*C of the softening tem perature (see 
below Figure 4.28). The cause of the swelling was believed to  be due to  the 
evolution of C02 from carbamates formed when res id u a l (s te ric a lly  iso la ted ) 
cyanate functional groups encounter airborne m oisture a t tem peratures producing 
segmental mobility (where creep is  s ign ifican t). Outgassing was not observed in 
ageing te s ts  conducted below 200 *C. Char y ields in nitrogen were also  reported  
for the same th ree  re s in s  of 41, 41, and 46% fo r 2 ,2 '-bis(4-cyanatidophenyl) 
isopropylidene, 4,4'-bis(3,5-dim ethyl-4-cyanatidophenyl)m ethane, and b is i 4- 
cyanatidophenyl)sulphide respectively. The higher char y ields reported  fo r the 
la t te r  were a ttr ib u te d  to  the elim ination of a l l  a lipha tic  hydrocarbon.
NH 0
M2 + II Rearrange II )200*C
R-0-C=N + H20 ------ > R-0-C-0H ------- ---------- > R-0-C-NH2 ----------- > R-NH2 + C02t
slow Interm ediate fa s t Carbamate fa s t outgas
Trapped
cyanate
Figure 4.28 Proposed Cyanate Ester Thermal Decomposition Model (ref. 213)
The incorporation of ortho  su b stitu en ts  such as methyl groups helps to  
re ta rd  or prevent carbamate formation, but the re su ltin g  products are 
susceptib le  to  oxidative em brittlem ent.42131 Maximum long-term  thermal s ta b i l i ty  
is  therefo re  achieved by blending an unsubstitu ted  cyanate e s te r, e.g., 2 ,2 '- 
M s(4-cyanatidophenyl) isopropylidene, with the methylated 4 ,4 '-b is(3 ,5-d im ethyl- 
4-cyanatidophenyl) methane. Addition of aromatic amine antioxidants, such as 
IV-methylaniline, has a lso  been reported4210-2141 to  extend the service l i f e  in a ir  
from 800 hours to  -  1200 hours.
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Das e t a l isei reported a study of the therm o-oxidative s ta b i l i ty  of PT 
resin s, derived from cyanated phenolic re s in s  such as novolac. The oxidative 
decomposition of phenolic re s in s  is  in itia te d  by peroxide formation a t the 
methylene bridge of two phenolic u n its  under atmospheric conditions.4585 Hydroxyl 
groups ac tiv a te  the benzene nucleus, and as a re su lt the methylene bridges 
adjacent to  hydroxyl groups undergo an accelerated  self-ox idation . This s e lf -  
susta in ing  reaction  is  known as ‘punking’ in the phenolic re s in  industry. 
Improvement of thermal and oxidative s ta b i l i ty  of phenolics can be achieved by 
reducing the number of free  hydroxyl groups in the system. In PT res in s  
hydroxyl groups of the phenolic are replaced by therm ally s tab le  groups 
(cyanate and triaz ine), some of which take part in cross-linking. This elim inates 
the need for cross-link ing  via re la tiv e ly  unstable methylene linkages (HMTA 
cross-linking) as in conventional phenolics. The rig id  triaz in e  moiety in the PT 
resin  backbone contributes to  superior thermal and oxidative ch arac te ris tic s . 
The methylene bridge in the backbone is  s tab ilized  by the bulky tr ia z in e  ring 
through s te r ic  hindrance. Thus, the su scep tib ility  to  oxidation of methylene 
bridges is  minimized in PT res in  as compared with standard phenolics. Polymer 
decomposition (in nitrogen, heating ra te  20X/minute) was reported to  commence 
a t 440-450X and the sample exhibited a char yield of 68-70% a t 1000X. The 
elem ental analysis indicated th a t the char contained -  5% nitrogen. The thermo- 
oxidative s ta b i l i ty  of PT re s in  was also  reported to  be superio r to  th a t of 
standard phenolics. In a ir  (heating ra te  20X/minute), the PT res in  began to  lose 
weight a t about the same tem perature as in nitrogen (440-450X) indicating  th a t 
PT resin  begins to  break down therm ally before catastroph ic  oxidative 
decomposition commences.
Greenfield4771 carried  out a s e r ie s  of TGA measurements on the commercial 
monomer, 2,2 '-bis(4-cyanatidophenyl)isopropylidene under n itrogen a t two heating 
ra te s  (IX  and 10X), At a heating ra te  of 10X he observed an onset of weight 
loss ( > 1%) a t * 150X followed by a dramatic reduction in weight which
reached a plateau a t 373 X with a variable res id u al weight of between 11-24% 
(representing a weight loss of between 86-89%). At the slower heating ra te  th is  
weight loss was su b stan tia lly  reduced so th a t while onset s t i l l  occurred a t -  
150X, the residual weight a t 373 X was 75-81% (a weight loss of 15-19%). I t  
was concluded th a t the weight loss was due to  the evolution of v o la tile  cyanate 
e s te r  monomer (as i t  is  unlikely to  be due to  the presence of v o la tile  
im purities in a highly pure, >99%, commercial monomer) ra th e r  than to  
degradation a t th is  low tem perature. At the slower heating ra te  the monomer has
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a g re a te r  chance to  form oligomeric fragments as cure proceeds. These fragments 
are su ffic ien tly  in v o la tile  to  be re ta ined  as the cyanate e s te r  undergoes 
network formation. A fu rth e r experiment was conducted on a catalyzed (300 ppm 
copper (II) acetylacetonate, 4 phr nonylphenol) cyanate e s te r  monomer and a 
catalyzed cyanate ester/epoxy blend. In the case of the former, the increased 
reac tiv ity  of the catalyzed blend allowed rapid reaction  to  form in v o la tile
oligomers and a network before the c r i t ic a l  tem perature was reached a t which 
the monomer was vo latilized . In fac t the catalyzed monomer showed no weight 
loss u n til a tem perature of 350 *C (at which a weight loss >1% was observed) and 
a t 386 *C a n e a r-v e rtic a l drop in the remaining weight was observed,
demonstrating the effectiveness of ca ta ly sis  in rapid formation of a therm ally 
s tab le  network. Predictably, the re s u lts  from the cyanate ester/epoxy blend show 
clearly  the degradation of the epoxy component occurring well before th a t of 
the onset of cyanate e s te r  degradation.
(4.4.1) R esu lts  o f  Thermal S ta b ili ty  Study o f  Aryl Cyanate E ster  Polymers
An a lly l-term inated  dicyanate e s te r  had been prepared in the course of 
th is  work, and a knowledge of i t s  thermal s ta b i l i ty  was necessary to  evaluate 
i t s  p o ten tia l for use as a high performance matrix resin . Two commercial a ry l 
cyanate e s te rs  were selec ted  (for which data was available, both of a 
commercial nature and from l i te ra tu re  sources) against which to  gauge the
effectiveness of the new polymer. The monomers were each fu lly  cured using a 
curing cycle recommended by the m anufacturers for th is  type of m ate ria l41051
(see Section 2.2.5 for the cure conditions). The thermoset products (which were 
demonstrably insoluble in solvents such as boiling DMF) were then fine ly  ground 
prio r to  analysis. As outlined in Section 2.2.4, analysis was by means of dynamic 
thermogravimetry a t a heating ra te  of 2 ‘C/minute under an atmosphere of 
nitrogen.
The re su lts  for the ary l cyanate e s te rs  are given below (Table 4.7, and in 
the composite Figure 4.29), and sa lien t fea tu res  of the TGA traces  are  tabu la ted  
in Appendix 2.1 (Table A.l), along with the re s u lts  from each of the o ther 
polymers studied in the course of th is  work. This is  designed to  f a c i l i ta te  
comparison of each individual family of thermoset res in  with i t s  com petitor
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Figure 4.29 Composite plot o f TGA data <2*C/minute under nitrogen) for 
poly (cyanurates) (4), (5), and (.21).
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Figure 4.30 Composite plot of d ilu te solution partial FT-IR difference spectra  
for (4) (shown for three concent rat ions in CC1*).
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(i.e., bis-maleim ides, aspartim ides, cyanate e s te rs , and copolymers). This is  done 
with good reason for i t  must be remembered tha t although each type of resin  
(e.g., bis- maleimide, aspartim ide, and cyanate e s te r)  has been dealt with 
individually (allowing a logical discussion of m aterials th a t have very d iffe ren t 
fundamental aspects such as preparative routes, chemical re a c tiv itie s , and 
physical properties, etc.) the overall aim is  to  produce m aterials which when 
used e ith e r in iso la tion  as homopolymers, or together as copolymers, should be 
capable of use a t elevated tem peratures with a re ten tion  of th e ir  physical 
properties. I t  is  easy to  lose sigh t of th is  overall aim when so many d iffe ren t 
aspects of each re s in  type are being discussed a t length.
I t  may be seen from the re su lts  below (Table 4.7) th a t the polymer of the 
new ary l dicyanate e s te r  2 ,2 '-b is(3-ally l-4-cyanatidophenyl)isopropylidene (21) 
displays an onset tem perature which is  a t le a s t comparable with the polymer of 
the commercial dicyanate e s te r  2,2 '-bis(4-cyanatidophenyl)isopropylidene (4). The 
difference of 7°C may not be s ig n ifican t in terms of the accuracy of the 
analysis, but i t  is  encouraging th a t any e rro r incurred is  a positive  one 
resu ltin g  in an enhanced thermal s ta b ility . The polymer of the second commercial 
dicyanate e s te r, 4,4,-b2s(3,5-dimethyl-4-cyanatidophenyl)methane (5), displays a 
s ign ifican tly  lower onset tem perature some 20°C lower than the others.
Table 4.7 Polycyanurate Weight Loss on Heating in Nitrogen at 2*C/minute.
Polymer Temperature (*C) for given Weight Loss (%)
from 1 5 10 20 30 40 50 60 70
(4) 340 375 385 395 410 480 695 923 >940
(5) 320 360 375 395 420 505 640 780 925
(21) 347 375 385 395 405 435 555 710 802
The polymers display very sim ilar thermal s ta b i l i t ie s  u n til a tem perature 
of 395 °C has been a tta ined  (during which time the overall weight lo ss  of a l l  
the polymers has reached 20%). A fter th is  tem perature however, each polymer
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displays a s ig n ifican tly  d iffe ren t TGA profile . The polymer of the commercial 
cyanate e s te r  B-10 (4), d isplays the g re a te s t thermal s ta b i l i ty  a t higher
tem peratures achieving a char yield of 46% a t 800 ‘C (see Table A.l, Appendix 
2.1). The polymer of the o ther commercial m aterial, M-10 (5), containing
su b stitu ted  methyl groups achieves a char yield of 39% a t 800 *C while fo r the 
new a ry l dicyanate e s te r  (21) a char yield of 33% a t 800 *C was recorded.
The re su lts  obtained fo r the commercial m ateria ls are broadly in agreement 
with those quoted with the manufacturer for th e ir  products in terms of char 
yield (cf. 41 and 48% for B-10 and M-10, and 46 and 39%) although a d is tin c t 
rev ersa l in thermal s ta b i l i ty  is  observed. There may be a number of fac to rs  
influencing the re su lts  obtained. I t  has already been noted (see Section 2.4.3.4) 
th a t sample size  and form largely  govern the reproducib ility  of re s u lts , and 
although every attem pt was made to  produce samples of sim ilar p a r tic le  size, 
e tc . i t  is  possible th a t th is  may be a factor. However, as discussed elsewhere 
(see Section 4.2), discussions with the suppliers of the commercial monomers<215> 
revealed th a t the M-10 monomer supplied was of a lower purity  to  th a t now
marketed. The o rig inal preparation of the commercial m aterial, a pale yellow 
solid, has since been improved to  produce a white c ry s ta llin e  monomer of higher 
purity. Therefore, TGA measurements carried  out on the polymer from the M-10 
monomer were in fact undertaken on a m aterial of lower purity  than the polymer 
from the analogous B-10 monomer. I t  has already been notedc,87> th a t the 
presence of im purities such as moisture has a s ign ifican t influence on the
nature and degree of th e ir  decomposition, and th is  may indeed account fo r the 
unexpectedly low thermal s ta b i l i ty  recorded here.
I t  has already been demonstrated th a t the new ary l dicyanate e s te r  (2D 
in it ia lly  displays a thermal s ta b il i ty  th a t is  a t le a s t as g rea t as th a t 
reported for the unsubstitu ted  analogue, B-10. I t  is  probably s ig n ific an t th a t
the g rea te r cro ss-link  density  afforded by the s tru c tu re  of the 2 ,2 '-b is (3 - 
allyl-4-cyanatidophenyl)isopropylidene homopolymer (which may undergo not only 
polymerization in the usual manner via triaz in e  rings formation, but a lso  by 
vinyl polymerization through the pendant a lly l groups) helps to  confer th is  
g rea te r thermal s ta b ility . This would be in line  with re s u lts  reported  by
Cozzens e t al.(SOi using a homopolymer of 2 ,2 '-M s(4 - 
cyanatidophenyl)isopropylidene and i t s  copolymers with 2 -p h en y l-2 -(4- 
cyanatidophenyl)isopropylidene of d iffe rin g  c ro ss-lin k  densities . The lower char 
yield reported for the new dicyanate e s te r  (21) as compared with the commercial
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m aterials may also be reconciled with the monomer s tru c tu re  which contains a 
g rea te r proportion of a lipha tic  hydrocarbon in i t s  side groups. The ortho-a lly l 
su b stitu en ts  may, as with the incorporation of the ortho  su b s titu en ts  methyl 
groups in M-10, help to  re ta rd  or prevent carbamate formation, but they w ill 
a lso  be even more suscep tib le  to  oxidative a ttack  (at the active  methylene 
hydrogen) re su ltin g  in a lower char a t elevated tem peratures.
(4.5) Proposed Interm olecular Association o f  Cyanate E sters
Cercena (1984)t42> reviewed research carried  out in to  the interm olecular 
association of n it r i le s  in an attem pt to  explain the c h a rac te ris tic  m ultiple band 
observed in the in frared  spectrum of ary l cyanate e s te rs  a t 2200-2400 cm-1. 
Molecular association  of a ce to n itr ile  has been studied by Lambert,041 * who 
measured the second v ir ia l  coeffic ien t as a function of tem perature and 
concluded th a t a n ti-p a ra lle l dim erization was occurring between n i t r i le  
molecules. Dannhauser and FlUckinger{57> however, concluded from th e ir  
measurements of the d ie le c tr ic  constants of n i t r i le s  th a t very l i t t l e  
dim erization could be occurring due to  the abnormally high values of d ie le c tr ic  
constants th a t they obtained (an ti-p a ra lle l dimers should have a net moment of 
zero), but did consider the p o ssib ility  of an open dimer s tru c tu re  which would 
yield higher d ie lec tr ic  constants. HerzbergC42) observed the presence in the 
in frared  spectrum of a fa ir ly  in tense second peak in the C=N bond region of 
benzonitrile, but a ttr ib u te d  i t  to  an overtone band which had borrowed in ten s ity  
from the neighbouring fundamental (see Section 4.1.5.1),
Cercena, however, argued th a t the increase in the frequency of the cyanate 
band was due to  the complexation of two cyanate e s te r  molecules through the 
nitrogen lone pair -  re su ltin g  in a frequency sh if t  comparable with, but 
somewhat sm aller than, th a t observed for n itr ile -m e ta l complexes/42' 49*73' 90> 
Furthermore, by drawing a p a ra lle l between the s im ila r itie s  ex isting  between the 
s tru c tu re s  of n i tr i le s  and cyanate e s te rs  (and fea tu res  of th e ir  in frared  
spectra), Cercena postu lated  the existence of an open dimer formation between 
adjacent cyanate e s te r  molecules, The e ffec t of th is  dimeric form would, i t  was 
argued, account for the m ultip lic ity  of the cyanate s tre tch in g  band which is  
observed (while a single band is  predicted from theory).
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The infrared  spectrum of the solid  1,4-cyanatidophenylbenzene was reported  
(although not presented in the ensuing th e sis)  to  show m ultiple peaks occurring 
a t 2235, 2260, and 2285 cm-1 (with th a t a t 2235 cm-1 having the g re a te s t
in tensity ). A fter fusion i t  was s ta ted  th a t the two higher frequency peaks had
merged in to  a single peak a t 2280 cm-1 and gained in in ten s ity  so th a t the 
higher frequency peak was the larger. This was a ttr ib u te d  to  the increased 
mobility of the cyanate a f te r  melting allowing i t  to  come more easily  in to  
contact with other cyanate e s te rs  to  dimerize.
In the same study, d ilu te  so lu tion  in frared  s tud ies of the same m ateria l 
were carried  out in toluene to  ascerta in  th a t in frared  absorption bands could be 
detected for the free  cyanate e s te r  and the dimer u n til  a concentration of 4 x 
10-3 m o les/litre , a t which point i t  was s ta te d  (though again no evidence was 
presented) th a t a sing le  band a t 2236 cm-1 was observed. At a concentration of
3 x 10-3 m o les/litre  no cyanate absorption could be detected -  suggesting th a t
in very d ilu te  so lu tions dim erization could be eliminated. U nfortunately, no 
in frared  evidence was presented to  su b s tan tia te  these claims made by Cercena 
and attem pts made in the course of the present work to  duplicate  both the so lid  
s ta te  and d ilu te  so lu tion  re s u lts  using both 2-phenyl-2-(4-cyanatidophenyl) 
isopropylidene and 2,2 '-bis(4-cyanatidophenyl)isopropylidene were unsuccessful 
(see below).
(4.5.1) D ilute Solution and Solid  S ta te  FT-IR Study o f  Proposed Dimerization
In it ia lly  attem pts were made to  in v estig a te  the m ateria ls  in toluene as 
Cercena had done. However, th is  solvent contains extraneous s ig n a ls  due to  
aromatic overtone bands in the area of the spectrum th a t contains the 
ch arac te ris tic  cyanate bands, making accurate work a t low d ilu tio n  d if f ic u lt . 
Although there  appear to  be no ideal solvents th a t not only adequately d isso lve 
the monomers while presenting a 'window* in the spectrum a t th is  frequency, 
carbon te trach lo ride  did f u l f i l l  the c r i te r ia  more su itab ly  than toluene. In each 
case a blank carbon te trach lo rid e  sample was analyzed in the FT-IR spectrom eter 
for 500 scans (see Section 2.2.9) before the so lu tion  containing the monomer was 
sim ilarly  analyzed. The blank sample was sub tracted  from th a t of the monomer 
so lution to  produce the f in a l d ifference spectrum. A number of so lu tio n s  of 
various concentrations (ranging from 10-* to  10-7 m ole /litre , already a t a 
lower concentration than th a t studied by Cercena) were analyzed, but the 
apparent spectrum p ro file  remained unchanged (although a t the extreme, the
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lower concentrations are somewhat misleading as the lim it of the instrum ent’s 
s e n s itiv ity  is  being reached).
The spectrum of the c ry s ta llin e  2,2 '-bis(4-cyanatidophenyl)isopropylidene 
was recorded as a KBr disk (see Section 2.2.9). A sample of the monomer was 
heated u n til the fusion point was reached before the sample was prepared as a 
KBr disk p rio r to  analysis by FT-IR. The p ro file  the FT-IR sp ec tra  of (4) and 
(6) with decreasing concentration was unchanged as shown in Figure 4.30 fo r (4). 
Sim ilarly the FT-IR spectrum of (4) before and a f te r  fusion had occurred closely 
resembled the p ro file  depicted in Figure 4.30, again showing none of the changes 
reported by Cercena/425 The conclusion is  th a t i t  was not possib le to  duplicate  
the in frared  re s u lts  obtained by Cercena in e ith e r the so lid  s ta te  or d ilu te  
solution conditions (the reported merging of severa l bands a ttr ib u te d  to  free  
and associated cyanate was not observed). A c ry s ta llin e  sample of 2 ,2 '-b is (4 - 
cyanatidophenyl)isopropylidene was subm itted for sing le  c ry s ta l X-ray 
crystallographic analysis in order to  asce rta in  unequivocally the presence of 
dim erization in the solid  s ta te  c ry s ta l la ttic e .
(4.6) S tructure  o f  2,2 '-bis(4-cyanatidophenyl)isopropylidene (4)
The s tru c tu re s  of 2,2 '-bis(4-cyanatidophenyl)isopropylidene (4) and 2 ,2 '- 
b is(3-allyl-4-cyanatidophenyl)isopropylidene (21) were determined by Dr D.C. 
Povey and Messrs. G.W. Smith and J.M.R. Davies, using s in g le -c ry s ta l X-ray 
d iffraction .
A c ry s ta l of 2,2 '-bis(4-cyanatidophenyl)isopropylidene (4) of approximate 
dimensions 0.42 * 0.25 * 0.20 mm was mounted on a fib re  for analysis. The unit 
ce ll dimensions were obtained by le as t squares refinement of a se t of 25 
re flec tio n s  [8* ( 0 (1 2 °].
Crystal data. C)7HmN202, M = 278.313, monoclinic, space group P2,/c, a = 
13,345(3), b =  11.393(2), c =  10.046(5) A, p = 108.48(2)’, V= 1446(1) A 3 , Z  = 4, 
Dc = 1.279 g/cm, F(000) = 584, graphite-monochromated Mo-Ke, rad ia tio n  (X = 
0.71069 A ) ,  p (Mo-K0) = 0.79 cm-1.
The in ten sity  data were collected on an Enraf-Nonius CAD4 fo u r-c irc le  
d iffractom eter in an m-20 scan mode in the range 1* ( 0 ( 24*. 2551 R eflections 
were collected of which 2265 were considered to  be unique and 1463 (64%) were
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Table 4.8. Bond Lengths/A and Bond A ngles/#with esd*s In Parentheses
Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance
01 CIO 1. 435(3) C13 C16 1.532(3)
01 C25 1.275(4) C14 C15 1. 386(3)
02 C22 1.423(4) C16 C17 1.537(4)
02 C26 1.285(4) C16 C18 1.532(4)
N1 C25 1. 119(5) C16 C19 1. 532(4)
N2 C26 1. 128(5) C19 C20 1.372(4)
CIO C ll 1. 356(4) C19 C24 1.382(4)
CIO C15 1. 354(4) C20 C21 1.380(4)
C ll C12 1. 380(3) C21 C22 1.355(4)
C12 C13 1. 389(3) C22 C23 1.362(5)
C13 C14 1. 379(4) C23 C24 1.368(5)
Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle
CIO 01 C25 117. 4(2) C17 C16 C18 107. 5(2)
C22 02 C26 118.6(3) C17 C16 C19 111. 8(2)
01 CIO C ll 115.1(2) C18 C16 C19 109.3(2)
01 CIO C15 121. 8(3) C16 C19 C20 123. 0(3)
C ll CIO C15 123. 1 (2) C16 C19 C24 120.4(3)
CIO C ll C12 118.0(2) C20 C19 C24 116.6(3)
C ll C12 C13 121. 9(3) C19 C20 C21 122.6(3)
C12 C13 C14 117. 2(2) C20 C21 C22 118. 0 (3)
C12 C13 C16 120.4(2) 02 C22 C21 122.7(3)
C14 C13 C16 122. 2(2) 02 C22 C23 115.4(3)
C13 C14 C15 121. 7(2) C21 C22 C23 121. 9(3)
CIO C15 C14 118.2(3) C22 C23 C24 118. 8 (3)
C13 C16 C17 106. 7(2) C19 C24 C23 122.1(3)
C13 C16 C18 111.6(2) 01 C25 N1 176. 5(3)
C'l 3 C16 C19 109. 9(2) 02 C26 N2 176. 3(4)
Figure 4.31 Computer-generated ORTEP plot o f the atomic structure of (4) from 
single crystal X-ray data.
Figure 4.32 Computer-generated stereoscopic plot of the c e ll  packing o f (4) 
from single crystal X-ray data.
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considered to  be observed, i.e., I  } 3o (I). The c ry s ta ls  were found to  be 
monoclinic, and an examination of the system atic absences indicated the space 
group to  be P2,/c. The data were corrected for Lorentz and po larization  e ffec ts , 
and absorption. The s tru c tu re  was refined to  R = 0.045 (R„ = 0.058) with
hydrogen atoms a t calculated positions using the weighting scheme w-1 = io(F)lz 
+ CP FI2 + Q, with P = 0.03 and Q = 3.0.
The atom numbering scheme is  shown in Figure 4.31 which dep icts  the 
c ry s ta l s tru c tu re ; the packing of the 2,2’-bis(4-cyanatidophenyl)isopropylidene 
molecules in the unit c e ll in Figure 4.32, and the bond lengths and angles in 
Table 4.8. The molecule comprises a cen tra l te trah ed ra l carbon surrounded by 
two methyl and two (4-cyanatidophenyl) groups. From a search of the 
interm olecular d istances the sh o rte s t n i t r i le - n i t r i le  N-C distance in adjacent 
molecules is  for N2-C26, 3.486 A; th is  compares with 3.25 A for the sum of the
d'isYtV\Ca.
Van der Waals ra d ii for N and C (see Appendix 2.2). The N2-C26^is too long for 
a strong in te rac tion  and so provides no evidence for the dim erization proposed 
by Cercenat42> in the so lid  s ta te .
As a re su lt of these measurements i t  must be concluded th a t the in frared  
evidence obtained by Cercena was misleading, as the sing le  c ry s ta l X-ray 
crystallographic determ ination and FT-IR observations made in the course of th is  
work are in agreement, re fu tin g  the existence of dim erization in th is  p a rtic u la r  
a ry l dicyanate e s te r  in the c ry s ta llin e  s ta te .
(4.7) S tructure  o f  2 ,2 '-B is(3-allyl-4-cyanatidophenyl)isopropylidene (21)
Although th is  c ry s ta llin e  monomer was analyzed in order to  determ ine the 
conformation of the su b stitu ted  group ra th e r than to  answer the question of 
dimerization, i t  seems relevant to  include i t s  s tru c tu ra l discussion here. This 
su b stitu ted  ary l cyanate e s te r  was synthesized and purified  using p rep ara tiv e- 
HPLC, and the s tru c tu ra l determ ination carried  out, p rio r to  i t s  publication in a 
recent patent (Nishikawa, 1989).O02> I t  was proposed to  co-reac t th is  
fu n c tiona lly -substitu ted  ary l cyanate with a reactive  co-monomer (e.g., a bis-  
maleimide) in order to  produce a toughened in te rpenetra ting  network re s in  with 
hopefully enhanced physico-mechanical p roperties. To th is  end a knowledge of the 
c ry s ta l s tru c tu re  of the su b stitu ted  monomer (in p a rticu la r the o rien ta tio n  of
- 186 -
C 17
C 203
Figure 4.33 Computer-generated ORTEP plot o f the atomic structure o f (2D from 
single crystal X-ray data.
Figure 4.34 Computer-generated stereoscopic plot of the c e ll packing o f (2D 
from single crystal AF-ray data.
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Table 4.9. Bond Lengths/A and Bond Angles/* with esd’s  in Parentheses
Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance
01 CIO 1. 422(6) C13 C14 1. 376(7) C20 C21 1. 375(7)
01 C25 1.295(7) C13 C16 1. 544(7) C21 C22 1. 386(7)
02 C22 1. 440(6) C14 C15 1. 395(7) C21 C201 1. 502(8)
02 C26 1.263(8) C15 C101 1. 513(7) C22 C23 1. 343(7)
N1 C25 1. 123(8) C16 C17 1. 525(7) C23 C24 1. 377(7)
N2 C26 1. 143(9) C16 C18 1. 539(8) C101 C102 1.470(9)
CIO C ll 1. 377(7) C16 C19 1. 522(7) C102 C103 1.068(13)
CIO C15 1.384(7) C19 C20 1.392(7) C201 C202 1. 366(12)
C ll C12 1. 374(7) C19 C24 1. 394(7) C202 C203 1.143(13)
C12 C13 1. 391(7)
Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle
CIO 01 C25 117. 9(4) C18 C16 C19 108.4(4)
C22 02 C26 118. 7(4) C16 C19 C20 120.1(4)
01 CIO C ll 122.0(5) C16 C19 C24 122.9(4)
01 CIO C15 114. 3(4) C20 C19 C24 117. 0(4)
C ll CIO C15 123. 7(5) C19 C20 C21 123. 6(5)
CIO Cll C12 117. 5(5) C20 C21 C22 115. 8(5)
C ll Cl 2 C13 122. 1(5) C20 C21 C201 120. 5(5)
C12 C13 C14 117.9(4) C22 C21 C201 120. 5(5)
C12 Cl 3 C16 119. 6(4) 02 C22 C21 114. 9(4)
C14 C13 C16 122.5(4) 02 C22 C23 121. 6(5)
C13 C14 C15 122. 7(5) C21 C22 C23 121. 6(5)
CIO C15 C14 116.1(4) C22 C23 C24 119. 4(5)
CIO C15 C101 122.3(5) C19 C24 C23 120. 7(5)
C14 C15 C101 121.5(5) 01 C25 N1 175. 9(6)
C13 C16 C17 106. 6(4) 02 C26 N2 177. 3(7)
C13 C16 C18 111. 8(4) C15 C101 C102 112. 0(5)
C13 C16 C19 109. 4(4) C101 C102 C103 144.1(1)
C17 C16 C18 107. 9(4) C21 C201 C202 119. 9(6)
C17 C16 C19 112.3(4) C201 C202 C203 151. 1(1)
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the su b stitu en t) might be of value in aiding c la r ific a tio n  of the reaction  
mechanismand discerning the e ffec t of su b stitu tio n  on the molecule’s subsequent 
in teraction  with p o ten tia l co-monomers (see Section 5 for a g rea te r discussion 
of these proposed co-reactions).
A c ry s ta l of 2 ,2 '-b is(3-ally l-4-cyanatidophenyl)isopropylidene (21) of 
approximate dimensions 0.45 * 0.4 * 0.025 mm was mounted on a fib re  for 
analysis. The unit ce ll dimensions were obtained by le a s t squares refinement of
a se t of 25 re fle c tio n s  [12* ( 0 ( 14*3.
Crystal data. (^al^NsOa, M = 358.44, monoclinic, space group P2,/c, a = 
9.921(4), b -  11.432(2), c =  17.613(2) A, 0 = 90.73(4)°, V -  1997.6(4) A 3 , Z = 4, 
Dc -  1.192 g cm-1, F(000) = 760, graphite-monochromated Mo-Ka rad ia tion  (X = 
0.71069 A ) ,  p (Mo-Ko,) = 0.715 cm-1.
The in ten sity  data were collected on an Enraf-Nonius CAD4 fo u r-c irc le  
diffractom eter in an rn-20 scan mode in the range 1° < 0 ( 25° covering the index 
range 0 < h < 11, 0 < k <13, -20 < 1 < 20. 3933 Reflections were collected  of 
which 3508 were considered to  be unique and 1536 (39%) were considered to  be 
observed, i.e., I  - * 3u (I). The c ry s ta ls  were found to  be monoclinic, and an 
examination of the system atic absences indicated the space group to  be P2,/c. 
The s tru c tu re  was refined to  R = 0.066 <.RW = 0.083) with hydrogen atoms a t calc 
ulated positions using the weighting scheme w-1 = lu(F)32 + i?Flz + Q, with P = 
0.04 and Q = 4.0.
The atom numbering scheme is  shown in Figure 4.33 which dep icts the 
c ry s ta l s tru c tu re ; the packing of the 2,2,-b is(3 -ally l-4 -cyanatidopheny l) 
isopropylidene molecules in the unit ce ll in Figure 4.34, and the bond lengths 
and angles in Table 4.9. Figure 4.33 shows the molecule to  comprise a cen tra l 
te trah ed ra l carbon surrounded by two methyl, and two 3-ally1-4-cyanatidophenyl 
groups. Prior to  the current work and the publication of the re s u lts  of the 
preceding Section (see Appendix 2.2) there was only one other example of an 
organic cyanate molecule in the Cambridge C rystallographic Database (CCD V.3), 
4-chloro-3,5-dim ethyl-phenylcyanate, which has two molecules in the asymmetric 
unit. A comparison of the geometry around the cyanate group for the molecules 
reported here and those molecules ex tracted  from CCD (which now includes 2 ,2 '- 
t>is(4-cyanatidophenyl)isopropylidene,CS93 prepared in the course of th is  work), is
given in Table 4.10. The geom etries of a l l  th ree  are in good agreement.
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Table 4.10. Comparison of the  cyanate group geometry in 2f2 '-b is (3 -a lly l-4 -  
cyanatidophenyl)isopropylidene, (2D and 2,2'-5is(4-cyanatidophenyl)isopropylidene, 
(4) with th a t of 4-ch loro-3f5-dim ethyl-phenylcyanate, <24) (2 molecules in
asymmetric unit).
/ 0c-Cc=Nc
(2D  (4) (24)
C«-0c ( A ) 1. 422 1.440 1. 435 1. 423 1. 416 1. 416
0 n 1 o n 1. 295 1. 263 1.275 1. 285 1. 272 1. 268
Cc-Nc 1. 123 1. 143 1. 119 1. 128 1. 142 1. 131
C.-Oc-Cc C ) 117. 9 118. 7 117. 4 118. 6 118. 2 118. 3
Oc-Cc-N,- 175. 9 177. 3 176. 5 176. 3 174. 9 173. 5
C.-Oc-Cc-Nc -167.1 -155.2 174.9 159. 9 177. 4 -137 .5
A search of Table 4.9 reveals two short distances: C102-C103 (1.068A)
and C201-C203 (1,143 A) .  This may be in part due to  the poor quality  of the
orig inal data se t (arising  from a waxy m ateria l which is  re lu c tan t to
c ry s ta llize  and which is  apt to  remain liquid  once fusion has occurred) 
and/or to  thermal d isorder within the molecule where the term inal atoms are 
undergoing large thermal ro ta tion . As the a lly l and cyanatido su b s titu en ts  
are diammetrically opposed (Figure 4.33) they are not co rrectly  o rien ta ted  
for an intram olecular dipole-dipole in te rac tion  to  occur between them in 
the so lid  s ta te . Furthermore, a search of the interm olecular and 
intram olecular d istances reveals no s ig n ifican t in te rac tio n s  between the _
atoms from which these su b stitu en ts  are composed. Subsequent s tu d ies  
involving the successfu l copolymerization of the monomer with a number of
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reactive  comonomers (see Section 5) have confirmed these observations. Hence, 
the cyanate group is  demonstrably unhindered during copolymerization, allowing 
both formation of the cyanurate network and subsequent copolymerization through 
the in tac t a lly l group.
(4.8) Monitoring the Cyclotrimerizat ion and Polymerization of Aryl Cyanate 
Esters using 13C and 1SN Nmr Spectroscopy, FT-IR and DSC
Physically, the curing of therm osets involves severa l d iffe ren t stages. 
During the early  s tages of polymerization the v iscosity  is  re la tiv e ly  low. As 
the reaction proceeds there  is  a gradual increase in v iscosity  u n til  a highly 
branched macromolecule begins to  form and there  is  a steep r is e  in v iscosity . At 
‘g e la tion ’ the mixture tu rns from a viscous liquid  to  an e la s tic  gel, coinciding 
with, according to  Flory, the formation of an ‘in f in ite ’ network s tru c tu re .005 
Timm e t a l / 183' 2365 dispute the formation of an ‘infinite* network containing a 
‘megamolecule’, and have composed a very in tr ic a te  mathematical proof of smaller, 
f in ite  macromolecular frac tions which are highly entangled accounting for the 
in so lub ility  of the network. Beyond the gel point the mixture is  no longer 
fusib le  nor en tire ly  soluble, in contrast to  linear polymers. The reaction  then 
involves fu rth e r chain extention and cross-linking, becoming increasingly  
d iffusion controlled u n til a g lass  tra n s itio n  tem perature of the system exceeds 
the cure tem perature when ‘v i tr if ic a tio n ’ occurs and the reaction  v ir tu a lly  
ceases.
A recent study by Fang (1990)c675 which proposed a general method for 
determining the molecular weight of non-linear polymers based on backbone to  
end group ra tio  measured by 13C nmr spectroscopy is  p a rticu la rly  re levan t to  
the present study outlined below, concerning as i t  does an a ry l cyanate e s te r. 
The number-average molecular weight (Mn) of the polycyanurate re s in  prepared 
from the polycyclotrim erization of 2 ,2 '-W s(4-cyanatidophenyl)isopropylidene (4) 
including the unreacted monomer is  represented by the following equation (4.2):
Mn = 834* (R'+R+2)/ (3R'-R+2) (4.2)
where R is  the backbone to  end group ra tio  and R‘ is monomer to  end group 
group ra tio . The mathematical derivation of equation (4.2) is  outside the scope 
of th is  discussion, but is  fu lly  expounded in reference 67. The “backbone
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groups” are taken as those groups located between two cyclized rings, while the 
“end groups” are those attached to  one cyclized ring only.
Another important technique for monitoring the cure of res in s  is  Fourier 
transform  in frared  spectroscopy (FT-IR), which may be used to  monitor the
chemical processes occurring during cure. The FT-IR s tre tch in g  bands fo r the CeN 
group have been shown by Bauer'211 to  be su itab le  for following the consumption 
of cyanate groups by using the aromatic C-H s tre tch in g  peak a t 3000 -  
3100 cm-1 as an in te rn a l standard. Shimpc 107,2131 and Cozzens e t al.tso> have also 
used th is  method to  follow the disappearance of the C=N doublet, and the
appearance of the bands corresponding to  the cyanurate and tr iaz in e  s tru c tu re , 
using the CH3 symmetrical s tre tch in g  peak a t 2875 cm-1 as an in te rn a l standard. 
This la t te r  method was used in the current work to  monitor the cure of a 
monofunctional model cyanate 2-phenyl-2- (4-cyanatidophenyl)isopropylidene (8).
The present study was prim arily undertaken to  in v estiga te  whether 1SN nmr 
spectroscopy could be used to  monitor the degree of conversion of the cyanate 
e s te r  monomer and to  compare the re su lts  with those obtained using FT-IR, DSC 
and 13C nmr spectroscopy. The task  was sim plified by the knowledge th a t the 13C
and some 15N nmr assignments had already been made for a number of alkyl and
ary l cyanate e s te r s '20' 30,67,2621 although the use of heteronuclear techniques
which are po ten tia lly  of g rea t use in monitoring the changing environment of 
the cyanate and triaz in e  functional groups has not yet been fu lly  explored.
Three ary l cyanate e s te rs  (4-8) were used in the present study. The 
commercial prepolymers (4p) and (5p), nominally 30% converted were used as 
supplied by Hi-Tek polymers, Inc. The fu lly  and p a rtia lly  cured s - tr ia z in e  
products of (8) (i.e., 6a, 6b, 6c) were prepared as outlined in Section 2.2.7.
(4.8.1) Results of the infra-red study
Upon the cyanation of a phenol to  the corresponding cyanate e s te r , the
in fra -red  spectrum displays two noticeable d ifferences: The absorption in the 
3200 to  3600 cm-1 region of the spectrum, ch a rac te ris tic  of the hydroxyl 
functional group, has disappeared in the product. The cyanate group displays a
ch arac te ris tic  in tense doublet centred a t 2230 and 2270 cm-1 (it may usually  be
d iffe ren tia ted  from the corresponding isocyanate by the presence of two or
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Figure 4.36 Composite plot of DSC thermograms
i (lOX/minute under nitrogen) for 
I thermal polymerization of
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Figure 4.35 Composite plot of partial FT-IR spectra (thin film) for 
progressively cured samples of (6).
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th ree  fin e r peaks making up the absorption ra th e r  than one broad absorption)4305 
and these s ignals are reduced as the cy clot rim er iza t ion reaction  proceeds (while 
s ignals a t 1565 and 1635 cm-1 corresponding to  the tr iaz in e  ring  and cyanurate 
s tre tch ing  v ibrations increase).118*21,505
In the in fra -red  work a reference sample of each unreacted monomer was 
analyzed together with samples containing progressively  la rg er frac tio n s  of 
reacted cyanate e s te r. The in ten s ity  of the cyanate band a t 2270 cm-1 was 
compared with a signal th a t was constant throughout the polymerization (e.g., 
the C-H stre tch in g  v ib ration  of a methyl group a t 2875 cm-1). The ra tio  of the 
in te n s itie s  of the cyanate and the methyl group signals was then calcu lated  for 
both the monomer and polymer. In each case baselines were drawn fo r the 
respective 2270 and 2875 cm-1 absorbance peaks and the peak heigh ts measured. 
A normalized absorbance Y was obtained as the ra tio  of the absorbance height a t 
2270 cm-1 to  the absorbance peak height a t 2875 cm-1 for each spectrum. The 
percentage of unreacted cyanate remaining in the cured homopolymer was then 
calculated re la tiv e  to  the cyanate content of the monomer as equation (4.3):
a = 1 -  (Yc/Ym) (4.3)
where Yc = normalized absorbance of the cured m aterial and Y„, = normalized 
absorbance of the monomer. Figure 4.35 shows a s e r ie s  of p a r t ia l  in fra -red  
spectra  for progressively-cured samples of (8).
(4.8.2) R esu lts  o f  the DSC Study
The thermal behaviour of the cyanate e s te r  monomers is  d iscussed in 
g rea te r depth in Section 4.2, and i t  is  not proposed to  e laborate  here upon the 
topics discussed therein. Figure 4.36 depicts the se r ie s  of DSC traces  (obtained 
at a heating ra te  of 10'C/minute, under nitrogen) for 2 -p h en y l-2 -(4- 
cyanatidophenyl) isopropylidene in progressive s tag es  of cure. In the top trace  
the enthalpy recorded is  th a t for the monomer (AH = 420.3 J/g) and i t  can be 
readily  observed th a t the reaction  enthalpy becomes progressively  sm aller as the 
sample is  cured fu rth e r .421,50' 107,2135 In the DSC experiments the degree of 
conversion a is  taken as equation (4.4):
a  = 1 -  (AH*/AH*) (4.4)
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Figure 4.37 Composite plot of partial 15N nmr spectra In acetone (30.4 MHz, 
MeNO^  external standard) for progressively cured samples o f (6).
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Figure 4.38 Composite plot o f partial **C nmr spectra In D6-acetone <75.7 MHz, 
TMS standard) for progressively cured samples of (£).
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where AH^  = polymerization enthalpy of cured m aterial and AHm = polymerization 
enthalpy of monomer.
(4.8.3) R esu lts  o f  the * SN nmr Study
The 15N nmr spectra  of a l l  the p a rtia lly  cured m aterials are very simple, 
consisting of two w ell-separated  s ig n a ls ,'148*262 ’ which under the experim ental 
conditions (see Section 2.2.10), are  d irec tly  proportional to  the concentration of 
the species present in the mixture. The degree of conversion is  given by 
equation (4.5):
a = 1 -  [IC/ ( I C + I*)] (4,5)
where Ic is  the cyanate s ignal in ten s ity  and I* the tr iaz in e  s ignal in tensity . 
Figure 4.37 gives p a r tia l  15N nmr spectra  of progressively-cured samples of (6).
(4.8.4) R esu lts  o f  t s C nmr Study
The 13C nmr spectra  are considerably more complex than the 15N nmr 
spectra  and the proposed method for calcu lating  the degree of conversion 
depended on selec ting  a carbon atom th a t does not p a rtic ip a te  in the reaction  
mechanism and is  present in both the monomer and p a rtia lly  (or e n tire ly )  cured 
product. In the case of compound (£) the methyl carbons (Cc, Cif Cn, and Cr , see 
Table 4.2, Section 4.1.5.3 fo r the designations and assignments) were chosen for 
the methyl carbons are in su ffic ie n tly  d iffe ren t environments as to  appear as 
two d isc re te  signals, (see Figure 4.38 for p a r tia l 13C nmr sp ec tra  for 
progressively cured (£)). Compounds (4) and (5) were tre a ted  in the same manner 
using methyl carbons CQ and Cn, and Cg and C0 respectively , as non-partic ipa ting  
carbons. The degree of conversion a is  given by:
a = 1 -  l lnm/ a nm + I„c)3 (4.6)
where Iwm is  the in ten sity  of the methyl carbon in the monomer and Imc the 
in ten sity  of the methyl carbon in the cured m aterial.
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Table 4.11. Degrees of Conversion (a) fo r the  Three Cyanate E ste rs  as 
Determined by D ifferent Experimental Methods
1 5N nmr 1 3C nmr FT-IR DSC
Sample 6
(ppm)
In t. CL
(%)
6
(ppm)
In t. a
(%)
Yc Yro a
(%)
AH
<J/g>
a
(%)
1 -215.36 11. 154 0 30. 94 21. 626 0 6. 313 6. 313 0 420. 3 0
la -215.35 
-180.60
11.025 
5. 680
34 30. 90
31. 10
8. 435 
3. 670
30 4. 040 6. 313 36 273. 2 35
lb -215.32 
-180.84
5. 884 
11, 238
66 30. 89
31. 11
3. 701 
5. 291
59 2. 175 6. 313 66 128. 6 68
1c -180.39 11. 542 100 30. 97
31. 14
1. 138 
16. 845
94 0. 000 6. 313 100 3. 2 99
2 -214.98 11.655 0 30. 89 11. 302 0 3. 850 3. 850 0 773. 4 0
2P. -215.19 
-180. 62
15.479 
6. 328
29 30. 90 
31.09
8. 433 
3. 668
30 2. 815 3. 850 27 503. 2 35
3 -225.63 11. 019 0 15. 59 15.401 0 3. 952 3. 952 0 649. 1 0
3p -225. 66 
-183.10
11. 048 
3. 458
24 15. 57
16. 28
16.030 
5.087
24 2. 723 3. 952 31 493. 5 24
Note: where In t . i s  th e  in te n s i ty  of th e  s ig n a l in  th e  nmr sp e c tra , a i s  
th e  apparent degree of conversion , Ym i s  th e  norm alized absorbance of th e  
monomer, Yc i s  th e  norm alized absorbance of th e  ( p a r t i a l ly )  cured  m a te r ia l 
and AH i s  th e  po lym eriza tion  enthalpy .
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(4.8.5) Discussion o f the Cyclotrimerization Monitoring Study
The degrees of conversion (a) expressed as a percentage fo r both the 
monofunctional cyanate e s te r  (6) and the two commercial dicyanate e s te rs  (4,5) 
as determined using the four d iffe ren t methods are presented in Table 4.11. With 
the possible exception of the 13C nmr re s u lts  for compound (6), where a values 
are lower than those determined by the o ther experimental methods, good 
agreement e x is ts  between the re s u lts  obtained by FT-IR, DSC, 1SN nmr and 13C 
nmr spectroscopy. The inherent sim plicity  of the 15N nmr sp ec tra  may o ffe r 
advantages over the corresponding 13 C nmr spectroscopy method in cases where 
the l a t te r  spectra  are more complex than in the current examples. The 
devlopment of so lid  s ta te  nmr techniques may also  be o f a ss is tan ce  in cases 
where the polymers are very sparingly soluble (and work is  now in progress to  
ascerta in  the app licab ility  of th is  technique).<9S)
(4.9) Dynamic Mechanical P roperties o f  Aryl Cyanate E sters
Homopolymers of cyanate e s te rs  produce therm osets with Tg's  in the range 
250° to  290*C with su itab le  post-curing  a t 225* to  250*C.<1os' 21o_214} The most 
marked properties of cyanate e s te r  homopolymers are th e ir  very good toughness 
ch arac te ris tic s  coupled with a high Tg. Their mechanical s tren g th  and s tra in  
properties are sim ilar to  those of diepoxides with low Tg’s, while th e ir  frac tu re  
toughness values are well in excess of those of te tra fu n c tio n a l epoxy resin s. 
Their modulus values are s lig h tly  lower than te tra fu n c tio n a l epoxies and b is- 
maleimides.t210~214) Cyanate e s te r  homopolymers are  a lso  reported to  absorb le ss  
moisture than epoxies, b is-maleimides and polyimides, with correspondingly le ss  
p la stic iza tio n  as shown by wet HDT's.<21°“2,4> Although the copolymerization of 
cyanate e s te rs  is  a proven method of successfu lly  obtaining favourable physical 
p ro p e rtie s /210-214> th is  aspect w ill be more fu lly  discussed in Section 5 which 
concerns blends and copolymers,
(4.9.1) S tud ies o f  Cyanate E ster  Physical Properties
A comprehensive review of th is  aspect of cyanate e s te rs  up to  1977 is  
again provided by Pankratov” 871 and the reader is  d irected  to  th is  work.
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Nakamura e t al.(176} studied  a range of p roperties for a s e r ie s  of fo rty  
cyanurates containing d iffe ren t term inal groups. They reported th a t for lower- 
molecular weight polycyanurates, the softening tem perature was closely re la ted  
to  molecular weight, but th a t a f te r  a certa in  size  of molecule was reached, 
increasing molecular size  had l i t t l e  e ffec t on the softening tem perature. The 
s tru c tu re  of the aromatic nucleus in the molecular chain was also reported  to  
g rea tly  a ffec t the softening tem perature, with a rig id  aromatic nucleus such as 
Bisphenol-A, or polar su b s titu en ts  such as the n i t r i le  group conferring high 
softening points. Some mechanical p roperties  were also mentioned, with te n s ile  
s tren g th s  in the region of 450-600 kg/cm2 and elongation a t break of 2-7% 
quoted.
Jarv ie” 135 characterized the experimental cyanate e s te r  matrix res in  XU 
71787.02L based on dicyclopentadiene and, using DMA, obtained a Tg of 486 *F and 
a wet Tg of 210X. Furthermore, the neat res in  was also reported to  re ta in  90% 
of i t s  room tem perature s tren g th  a t 350 *F wet conditions. A 61% re ten tio n  of 
flex modulus was demonstrated in the same comparison. Dry te n s ile  property 
te s tin g  yielded a room tem perature, dry modulus of 470 ksi, s tren g th  of 9.6 ksi, 
and an elongation of 2.53%.
Shimp et a V 21°-2,3) quote values of Tg (obtained from DMA measurements) of 
252 X, 273 X, and 289 X for 4,4,-bis(3,5-dim ethyl-4-cyanatidophenyl)m ethane, 
bis(4-cyanatidophenyl)sulphide, and 2,2 '-bis(4-cyanatidophenyl)isopropylidene 
respectively. These tem peratures were achieved using a zinc (II) naphthenate/2 
phr nonylphenol ca ta ly st with a post cure of two hours a t 250 X. In the same 
study, Shimp quotes a Tg value obtained for XU 71787.02L using the same cure 
schedule of 250X.
Shimp<210“2,3) provided evidence to support h is view th a t as a ru le  fo r a ry l 
cyanate e s te rs , a l l  mechanical, thermal and chemical re s is tan ce  p ro p ertie s  drop 
o ff rapidly below about 85% cyclotrim erization, except HDT (Tg) and solvent 
resistance  which increase appreciably between 85 and 100% conversion. Tg was 
reported to  r is e  from 108X to  260X upon postcuring a t 250X. In th is  study 
unconditioned Tg values of 243X (239X), 251X (170X), 255X (171X), and 260X 
(172 X) were obtained for 4,4,-bis(3,5-dim ethyl-4-cyanatidophenyl)m ethane, 1,3- 
dicyanatidobenzene, bis  (4-cyanatidophenyl)sulphide, and 2 ,2 '-b is (4 -
cyanatidophenyl)isopropylidene respectively  (wet Tgs are given in parentheses). 
I t  was also reported th a t the homopolymer of 1,3-dicyanatidobenzene, while being
-199-
more v o la tile , as a re su lt  of i t s  re la tiv e ly  low molecular weight and an 
ir r i ta n t ,  provided a 50% increase in mechanical s treng th  and modulus over th a t 
of 2,2,-bis(4-cyanatidophenyl)isopropylidene. The increased c ross-link  density  of 
the re su ltin g  network re la tiv e  to  Ms-phenol dicyanate e s te rs  re s u lts  in g rea te r 
solvent res is tan ce  (as expected), but su rp ris ing ly  was reported to  y ield s tra in -  
a t-b reak  values th a t were undiminished.
Das e t al.<S8} carried  out dynamic mechanical s tud ies on A llied-S ignal’s PT 
res in  using DMTA (in bending mode, in an argon atmosphere, a t a heating ra te  of 
3 X/minute, with a fixed frequency of 1 Hz, and a constant s tra in  of < 1%) in 
order to  determine the gel-po in t of the resin . This point is  determined as the
point a t which the sto rage and loss moduli, p lo tted  against tem perature on the
same scale, cross-over. DMA stu d ies  of the cured PT res in  could detect no g lass  
tran s itio n  tem perature up to  400 °C. The high Tg of the PT res in  was a ttr ib u ted , 
by Das e t aL<sei to  the presence of the tr iaz in e  moiety and to  the tig h tly  
cross-linked networks. However, i t  was fu rth e r claimed th a t the flex ib le  e ther 
linkage adjoining the rig id  triaz in e  s tru c tu re  was attached in such a way as to  
re su lt in good elongation ( ) 2.5%) while s t i l l  maintaining high Tg (400 X). The 
Tg achieved a f te r  a cure schedule of 6 minutes under p ressure  a t 155X,
followed by a t le as t 20 minutes to  gel, was only 85 X, whereas a f te r  the 6
minutes in the mould, and a gel time of 1-1% minutes the Tg had risen  to  185 X. 
In order to  achieve fu l l  cure a tem perature of 300 X was required (at which 
tem perature the PT re s in  was reported to  gel in le ss  than one minute), followed 
by a post cure cycle of 30 minutes a t 100 X, 30 minutes a t 150 X, 60 minutes a t 
200 X, and 180 minutes a t 250 X.
Shimp e t  a l ‘2,4' 217J evaluated a new commercial resin , 4,4'-Cl,3-phenylene 
b is i l-m ethylethylidene)]dicyanate, using to rs io n a l braid analysis (TBA) coupled 
to  dynamic DSC. The metar linked monomer was chosen for i t s  favourable 
processing q u a litie s  (it is  a liquid monomer), but th is  re s u lts  in a Tg th a t is  
lower than most of the o ther re s in s  marketed by Hi-Tek.” 055 Tg values fo r the 
resin  measured by TMA increased from 161X (press cure) to  164X a f te r  4 hours 
additional cure a t 177 X. The ultim ate Tg a tta in ed  was 192X. I t  was reported  
th a t as the onset of d iffu sion -con tro lled  k inetics begins 25-30X below 
v itr if ic a tio n , then a curing tem perature about 28X above the u ltim ate  Tg of 
192X (220X) would be required to  convert the system in a p ra c tic a l time
period. The mechanical properties of the cured res in  were also  evaluated, and 
the fu lly  cured homopolymer was reported to  have a flexu ra l s tren g th  of 121
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MPa and s tra in -a t-b re a k  of 4.6%, te n s ile  s trn g th  of 77 MPa, te n s ile  elongation 
of 3.0%, te n s ile  modulus of 3.0 GPa and frac tu re  energy of 240 J/m2.
Cercena (1984)<42> reported th a t she was unable to  detect a Tg for the 
polymer of 2,2 '-bis(4-cyanatidophenyl)isopropylidene by DSC. Furthermore, on 
cycling the m aterial in a TMA she reported th a t fu ll  cure of the m ateria l was 
not possible, but th a t the m aterial continued to  cure with increasing 
temperature, without softening u n til  decomposition occurred. However, the cross- 
linked a,w-oligocarbonate dicyanate e s te r  (of molecular weight 736) did display 
a Tg of 130*C th a t was easily  d iscern ib le using DSC. The Young’s Modulus 
reported for the cross-linked a,w -oligocarbonate dicyanate e s te r  was lower than 
tha t reported for the polymer of 2 ,2 '-bis(4-cyanatidophenyl)isopropylidene, which 
was as expected for th is  much s t i f f e r  m aterial. The cured oligocarbonate 
displayed a very broad low tem perature damping peak ranging from -140 *C to 
20*C, with a maximum occurring a t -4 0 *C. Both polymers were reported  to  display 
low tem perature damping peaks (with th a t of the oligocarbonate being g rea te r 
than th a t of the polymer of Bisphenol-A dicyanate este r). This su rp rised  Cercena 
who, having argued th a t highly cross-linked  m aterials exhibit n e ith e r a Tg nor 
low tem perature damping peak, then discussed the in te rn a l segmental motions in 
the Bisphenol-A dicyanate responsible for the tra n s itio n  (pointing out th a t the 
segments were able to  undergo a jump rope-like looping motion, which the fixed, 
rig id  oligocarbonate segments were unable to  do).
(4.9.2) Discussion o f  the Dynamic Mechanical R esu lts  obtained fo r  Aryl Cyanate 
E sters
Two ary l cyanate e s te rs , the newly-prepared 2 ,2 '-b is (3 -a lly l-4 -  
cyanatidophenyl)isopropylidene (21), and the commercial dicyanate 2 ,2 '-b is (4 -  
cyanatidophenyl)isopropylidene (4) were analyzed for th e ir  dynamic mechanical 
properties using DMTA. The la t te r  compound was used as a standard re s in  against
which to  evaluate both the p roperties of the new resin  and the e ffic iency  of
the cure schedule. The re su lts  of the analysis are presented in Table 4.12:
(4.9.2,1) 2,2'-Bis(4-cyanatidophenyDisopropylidene (4)
Having employed the cure schedule recommended'126*1275 by Ciba Geigy fo r the 
cure of th e ir  Matrimid 5292 toughened bis-maleimide resin  system (which is  more
forcing than th a t suggested by Hi-Tek),11055 the commercial dicyanate e s te r
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Figure 4.39 DMTA data (10 Hz, sin g le  cantilever, 2*C/minute under nitrogen) for 
cured neat resin sample o f (4).
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Figure 4.40 DMTA data (10 Hz, single cantilever, 2 T/minute under nitrogen) for
-2 0 2 -
appeared to  be fu lly  cured. The LogE' trace  obtained for the commercial polymer 
exhibited a LogE' (storage modulus) value of * 9.3 Pa a t 50 *C, and th is  
diminished very l i t t l e  u n til  the g lass  tra n s itio n  (taken as the LogE" peak 
maximum) was reached, a t which tem perature (272*C) the LogE' value dropped in 
magnitude to  * 7.3 Pa. The magnitude of the LogE" maximum (the loss modulus) a t 
th is  tem perature was * 6.25 Pa, indicating a marked degree of damping in the 
re s in  system (Figure 4.39).
I t  is  su rp ris ing  th a t Cercena was unable142’ to  a tta in  fu l l  cure of her 
sample of th is  m aterial, for unlike her re s in  sample (of the Bisphenol-A 
dicyanate), the polymer examined in the course of th is  work exhibited  a very 
marked g lass  tra n s itio n  (comparable in tem perature with those rep o rted '210"213-187> 
for the same polymer system). This appeared to  confirm th a t the cure schedule 
employed had been e ffec tiv e  in a tta in in g  a fu lly  cured resin . Furthermore, a f te r  
postcure a t 250*C in argon the re s in  showed no sign of degradation, re ta in in g  
the honey-coloured appearance th a t i t  had upon i t s  in i t ia l  cure.
Table 4.12 Dynamic Mechanical P roperties fo r th e  Cured Cyanate E ste r Resins a t 
2 *C/minute, 10Hz, s in g le  can tilever, under nitrogen.
‘
Polymer
from
LogE"Hftx CC) Tan5HAX CC)
- 1 2 1 2
(4) 272 286
(21) 161 356 183 360
Note: Samples were cured 1 hour a t 180*C, 2 hours a t 200*C, 5 hours a t 250*C 
under argon. The tem peratures quoted as (1) are the re su lt of the in i t i a l  DMTA 
tem perature scan, while an en try  under (2) ind ica tes th a t the sample underwent 
fu rth e r curing in the DMTA while being scanned, or was rescanned and the  f in a l 
value is  given.
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(4.9.2.2) 2t2'-Bis(3-allyl-4-cyanatidophenyl)isopropylidene (21)
The s itu a tio n  was somewhat d iffe ren t with the newly-prepared dicyanate 
este r, for a f te r  postcuring a t 250 X for five hours in argon, the DMTA revealed 
no g lass  tra n s itio n  in the polymer, but only a steady drop in modulus a t 150X 
(from i t s  LogE' value of -  9.1-9.2 Pa a t 50 *C to  8 Pa), which was followed by an 
increase in modulus a t 250X as the system underwent fu rth e r cross-link ing  (see 
Figure 4.40). The res in  was quenched a t a tem perature of 300 X and rescanned to  
a tem perature of 320X, before being quenched once more. The p ro file  of the 
DMTA trace  had a lte red  a f te r  the f i r s t  scan, the modulus had risen  as a re su lt  
of the increased cross-link  density  (to a value of LogE’ = 9.35 Pa a t 50 X), but 
the shallow loss in modulus followed by fu r th e r curing was s t i l l  observed. The 
polymer was rescanned a fu rth e r time to  a tem perature of 348 X, during which 
time only a s lig h t drop in modulus was observed, before being quenched once 
again. The fin a l re su lt revealed th a t m ultiple rescans had effected  fu ll  cure of 
the re s in  system, to  yield a sharp g lass  tra n s itio n  in the region of 350-360 X, 
indicating the formation of a highly cross-linked network.
While the Tg a tta ined  here is  very high, the high cross-link  density  of the 
resu ltin g  network would preclude i t s  use as a homopolymer, being too b r i t t le .  
However, in the next Section concerning copolymers and blends, th is  re s in  is  
evaluated for i t s  p o ten tia l as a reactive  diluent in a copolymer blend.
CHAPTER 5: BLENDS, COPOLYMERS
AND SEMI-INTERPENETRATING
NETWORKS
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(5.1) Resin Toughening Concepts
A number of d iffe ren t toughening techniques for thermoset res in s  have 
been developed in recent years. Both reduction of cross-link  density -  achieved 
by varia tion  of component stoichiom etry, or in troduction of higher molecular 
weight chain extended co-monomers -  and incorporation of low molecular weight 
liquid rubbers like carboxy-term inated butadiene acry lo n itrile  (CTBN) can lead to  
a su b stan tia l increase in toughness. However, th is  is  usually achieved a t the 
expense of the high tem perature performance of the m aterial -  a c rite rio n  which 
is  of v ita l importance for aerospace applications. Much a tten tio n  has been 
focused on the symbiosis of two opposite types of m aterials, b r i t t le  high 
tem perature therm osets and tough therm oplastics. A varie ty  of approaches to 
combine the mechanical nature of both these systems in one matrix have been 
successfully  developed in recent years. One key to  th is  success appears to  be 
the chemical linkage between e.g., therm oplastic modifier and thermoset network.
(5.2) Introduction to  Copolymers/In t  erpenetra t  ing  Networks (IPNs)
An In terpenetra ting  Polymer Network (IPN) is  usually  defined as a 
combination of two polymers in network form, a t le a s t one of which is  
synthesized and/or cross-linked in the immediate presence of the o th e r /114’ IPNs 
have been reviewed fa ir ly  re c e n tly /259’ In fu ll  IPNs, both components are cross- 
linked; the phases of both m aterials are continuous and thus in te rp en e tra te  each 
other. A semi-IPN (SIPN) is  therefo re  defined as a m aterial system with two 
continuous phases, but of which only one is  cross-linked. IPNs are a ttra c t iv e  
because they allow the combination, in network form, of two otherw ise non­
compatible polymers. An example of an SIPN polymer network is  one th a t combines 
a therm oplastic with a thermoset. Both m aterials have th e ir  inherent advantages 
and disadvantages. Thermoplastics o ffe r su b s ta n tia l improvements in toughness 
and po ten tia l processing, but have lim its  in upper tem perature use and often 
have unacceptable solvent resistance. Thermosets on the o ther hand, o ften  have 
high use tem peratures, but are inherently  b r it le  and are often  suscep tib le  
because of moisture sen s itiv ity . The concept behind SIPNs is  hence to  combine 
the best of both m aterials, toughness and high end use tem perature. By 
combining a thermoset res in  with a strong therm oplastic, the ensuing m ateria ls  
are high performance, high use-tem perature and chemically unique p la s tic s . They 
may show g rea te r streng th  and toughness re la tiv e  to  conventional therm osets,
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and also  superior processing and h ea t-re s is tan ce  p roperties re la tiv e  to  
therm oplastics.
In 1973 Korshak e t  co-trim erized 2,2 '-bis(4-cyanatidophenyl)
isopropylidene with the dicyanate e s te r  of phenolphthalein in varying molar 
ra tio s  in an attem pt to  improve the p roperties of the polymer. F lexural s tren g th  
and hardness was reported to  increase with increasing phenolphthalein dicyanate 
e s te r  content. A fu rth e r co-trim erization  involving phenylcyanate and 2 ,2 '-M s(4- 
cyanatidophenyl)isopropylidene yielded no improvement in mechanical p roperties  
(Korshak s ta ted  th a t as the proportion of monofunctional cyanate e s te r  was 
increased, producing a soluble polymer, a l l  desirab le  p roperties  were 
lo s t) .0 30*1875
In 1984, Wertz and Prevorsek of Allied Chemical in v estig a ted '259’ the use of 
2,2'-bis(4-cyanatidophenyl)isopropylidene as the crosslinking component of a 
sem i-in terpenetrating  network (SIPN). These dicyanate e s te r  SIPNs are made in a 
tw o-step process. In the f i r s t  step, the therm oplastic is  dissolved in the 
monomeric dicyanate e s te r  a t a tem perature between 120-220 *C to  form a 
homogeneous solution. In the second step , the mixture is  heated to  a 
tem perature between 250-300 *C where the dicyanate e s te r  homopolymerizes, thus 
forming the sem i-in terpenetra ting  network. Thermoplastics which have been 
incorporated are copoly (ester-carbam ates), poly (carbonate), poly (sulphone), 
d ibutylphthalate, poly (ethyleneterphthalate), and poly (ethersulphone). The 
dicyanate SIPNs are strong, tough and have s ig n ifican tly  higher heat d is to rtio n  
tem peratures (HDTs) than th e ir  therm oplastic components.'42’
Wertz and Prevorsek'259’ point out th a t two important th ings occur during 
cyanate cure: f i r s t ,  the dicyanate e s te r  c ro ss-links to  form therm ally s tab le  
triaz in e  rings without evolution of vo la tile s , and secondly, the c ro ss-lin k  
density is  qu ite  high. I t  was pointed out th a t the high c ro ss-lin k  density  is  a 
major reason for the high T9 of the dicyanate e s te r  network,'259’ but given the 
extremely short d istance between c ro ss-links and the s t i f fn e s s  of the 
bisphenol-A groups between the cross-links, the elongation to  break of the 
bisphenol-A dicyanate e s te r  SIPNs is  su rp ris ing ly  high. An elongation-to -b reak  
of a 50/50 copolyester-carbonate/bisphenol-A  dicyanate e s te r  tension specimen 
was reported to  be 17.6% The issue ra ised  by Wertz and Prevorsek as to  why the 
dicyanate e s te r  network is  so flex ib le  desp ite  i t s  extremely high c ro ss-lin k  
density has not yet been completely explained,. I t  was believed th a t the short
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distances between cross-links increase the chance tha t, during cure, c ro ss-lin k s  
form between groups th a t are part of the same molecular c lu ste r. As a re su lt, 
the network contains a large number of in te rn a l rings, hence, re la tiv e ly  few of 
the cross-links act to  t i e  the network together. This explanation, i t  was 
pointed out, is  consisten t with the observation th a t the elongations to  break of 
the dicyanate e s te r  dicumylphenol SIPNs are about 15% lower than the 
e longations-to-break  of the Bisphenol-A dicyanate e s te r  SIPNs even though the 
in te rc ro ss-lin k  distance of the dicumylphenol dicyanate e s te r  network is  50% 
g rea te r than th a t of the Bisphenol-A dicyanate e s te r  netw ork/21595
H artness'975 found th a t when a dicyanate e s te r  was combined with a 
copolyester carbonate, an SIPN was formed th a t was usefu l as a m atrix m aterial. 
The prepregging was extremely simple and the low boiling solvent was easily  
removed. The cure cycle was e ssen tia lly  s ta te -o f - th e -a r t  epoxy processing 
except th a t a higher fin a l tem perature was used with epoxy-like pressure. No 
v o la tile s  were evolved, and void-free  composites were easily  obtained with a 
g lass  tra n s itio n  tem perature of 222 *C. Dynamic mechanical analysis of the SIPN 
revealed the presence of two Tgs indicating th a t the m aterial had separated  in to  
two d iscre te  phases (th is  was confirmed by transm ission e lec tron  microscopy 
which showed th a t both m ateria ls were phase separated in to  domains). The f i r s t  
Tg (222*C) was 20 *C above th a t reported fo r the carbonate homopolymer; the 
second (268 *C) was 23 X above the reported  Tg of the dicyanate e s te r  
homopolymer. The higher values were a ttr ib u te d  to  the g rea te r s e n s itiv ity  of the 
measurement method, and th a t the higher f in a l cure tem perature used (316*C) 
caused additional cross-linking  to  occur, ra is in g  the Tg of the dicyanate e s te r  
as well as re s tr ic tin g  the mobility of the copolyester-carbonate.
While 'rubber toughening* via phase separation  of functionally -term inated  
bu tad iene-acry lon itrile  polymers is  an e ffec tiv e  technique for increasing  the 
frac tu re  toughness of 250 T  curing epoxies, le ss  success has been achieved with 
177*C curing ep o x ies /210' 213’ Early e ffo r ts  by In terez  to  u ti l iz e  CTBN polymers 
with cyanate functional res in s  were disappointing. Shimp e t  a l / 210_213) went on 
to  describe the toughening of thermoset m atrices derived from the 
cyclotrim erization of ary l dicyanate e s te rs  by modifying them by incorporating 
minor amounts (10-20%) of therm oplastic re s in s  (such as copolyesters or 
polyetherimides). Up to  a four-fo ld  increase in GIC, and a tw o-fold increase  in 
s tra in -a t-b re a k  were claimed over the dicyanate e s te r  homopolymer. In co n tra st 
to  previously published dicyanate e s te r  SIPN matrix technology'1 14,2595 describ ing
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equal weight therm oplastic/dicyanate e s te r  compositions which were gelled and 
cured a t high (200-300'C) tem peratures (see above), i t  was claimed th a t th is  
alloying approach was more e ff ic ie n t while being more economic on m aterials. 
Investigation  of the frac tu re  surfaces using scanning e lec tron  microscopy (SEM) 
revealed tha t each of the th ree  dicyanate monomers formed a d iffe ren t 
morphology with a given m odification (e.g., 10% copolyester).
2,2’-Bis(4-cyanatidophenyl)isopropylidene was repo rted '210-2,35 to  develop no 
d iscern ib le morphological fea tu res, indicating a molecular so lu tion  network, with 
both components intim ately mixed. 4,4'-Bis(3,5-dim ethyl-4-cyanatidophenyl)m ethane 
contained iso la ted  spherical cav ities  (0.2-0.6 pm), due to  therm al shrinkage 
within the so ft therm oplastic agglomerate on cooling; B isi 4-
cyanatidophenyl)sulphide demonstrated a complex dual morphology in which the 
major phase (amorphous polycyanurate) contained (0.1-0.2 pm) sp h erica lly - 
cavitated  p a rtic le s  of copolyester. A second co-continuous highly nodular 
morphology contributed to  an overa ll high degree of phase separation . In 
addition to  the dual co-continuous morphologies described above, the 
incorporation of 20% polyetherimide with a dicyanate e s te r  re s u lts  in what is  
believed '210-2135 to  be a second co-continuous s tru c tu re . The more so lven t- 
re s is ta n t network has a c ro ss-sec tio n a l dimension of 2-10 pm, consisting  of a 
continuous polycyanurate matrix in to  which therm oplastic nodules (1-5 pm) are 
embedded. The majority of these nodes were reported to  appear in te rc o n n ec te d  
(channelled), A second network was thought to  be therm oplastic continuous, or 
possibly to  contain domains of higher therm oplastic content or more extensive 
therm oplastic channelling.
(5.3) Co-reaction o f D icyanate E ste rs  w ith Epoxy R esins
Cyanate e s te rs  act as curing agents fo r epoxy resins. An epoxy/dicyanate 
ester/bis-m aleiraide, Narmco 5245C, has been chosen as a composite m atrix for 
s tru c tu ra l aerospace applications and i t  is  hoped th a t such blends w ill provide 
improved moisture res is tan ce  over conventional epoxies while m aintaining a high 
T0. Blends of dicyanate e s te rs  and th e ir  prepolymers with 55 to  65% bisphenol-A 
diglycidylether (BADGE) epoxy res in  have Tg's  in the region of 180 to  200 *C.
The principal reactions in cyanate ester/epoxy blends have been reported  
to  be as follow s.'210-2135 In itia lly , the predominant reaction  is  cyclo trim erization
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of the cyanate e s te r. The cyanurate rings thus formed act as nucleophilic 
c a ta ly s ts  both for the co-reaction  of cyanate and epoxy to  form an oxazoline 
s tru c tu re , and for the homopolymerization of the epoxy. I t  is  claimed'210-2135 th a t 
as l i t t l e  as 0.4 equivalents of cyanate per epoxide can produce complete 
conversion of both functional groups through a combination of these reactions. 
Epoxy re s in s  accelerate  the cure of cyanates because of th e ir  hydroxyl group 
content. This shortens pot l i f e  a t a given temperature,and lowers the cure 
tem perature needed to  achieve a p a rticu la r degree of conversion. However, to  
obtain a controlled reaction  i t  is  s t i l l  necessary to  include the usual metal 
ch e la te /in v o la tile  phenol co -cata ly st blend. Amine curing agents, o ften  used with 
conventional epoxy formulations, are not used since they react instantaneously  
with cyanate groups. A study carried  out by Rivas and Pizarro (1989)'1995 
demonstrated the copolymerization oxazoline derivatives with monofunctional 
maleimides using in frared  and *H nmr spectroscopy. The comonomers were believed 
to  react spontaneously via a zw itterion  interm ediate -  th is  co-reaction  may 
form the basis  of the co-reaction suggested to  occur between the cyanate 
ester/epoxy/maleimide components which make up the blend proposed for use in 
aerospace applications.
Shimp e t  a l ‘210"213) studied the co-reaction  of equimolar blends of the 
model compounds phenylglycidylether (PGE) and 2-phenyl-2-(4-cyanatidophenyl) 
isopropylidene. They found th a t the re frac tiv e  index of uncatalyzed m ixtures 
increased linearly  with conversion, indicating a uniform process a t 177 *C. A two 
stage reaction  sequence for a titan a te -ca ta ly zed  blend was seen in isotherm al 
data a t 110*C and 177*C. The same authors carried  out DSC on blends of the 
d ifunctional analogues: 2,2 '-6is(4-cyanatidophenyl)isopropylidene and 2,2’-b is (4 -  
glycidyloxyphenyl)isopropylidene. Uncatalyzed mixtures showed a sing le , broad 
exotherm, w hilst catalyzed mixtures displayed an additional peak or shoulder a t 
a lower temperature. Gel phase chromatography (GPC) of approximately 60% 
reacted, catalyzed blends of 2-phenyl-2- (4-cyanatidophenyl)isopropylidene 
indicated tha t the predominant reaction  up to  th is  stage  was trim eriza tio n  of 
the cyanate este r,
(5.4) Development o f  B is-m aleim ide In terp en e tra tin g  Network R esins and 
Composites
£is-maleimide res in s  are considered for a number of aerospace app lications 
(see Section 3.1). These resin s have been developed to  bridge the gap between
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epoxies which are easy to  process, but have lim ited re ten tio n  of p roperties  
above 130*C (wet) and polyimides which have excellent re ten tio n  of mechanical 
properties a t high tem perature, but are generally  d iff ic u lt to  process. The most 
commonly-used building block in bis- maleimide chemistry is  b is i  4-
maleimidophenyl)methane. When polymerized, a high c ross-link  density  and high 
backbone aromatic content re su lts , producing a thermally s tab le  matrix. The 
cured m aterial, however, is  b r i t t le .  Considerable formulation work has been 
carried  out to  improve frac tu re  toughness and p rocessab ility  while re ta in ing  
high tem perature properties. To achieve these aims bis-maleimides have been 
blended and co-reacted with e.g., o ther bis-maleimides, dinucleophiles, 
a lly l/v in y l monomers, epoxies, therm oplastics, and reactive  e las to m ers /37*38*43' 44- 
47,53,92,1 0 4 , 14 2 ,239-252, 2 6 1  > Stenzenberger e t  a j t< 2 2 5 -2 3 3 ) have recently  published 
several very comprehensive reviews which discuss in depth the various
approaches adopted to  toughen bis-maleimide resins.
(5.4.1) The Scope o f the "Ene'/Diels-Alder Reaction
Chain extension of bis-maleimides has been achieved using diverse
compounds including diamines (see Section 3.5) and oligomeric o le fin s / 1 * 2 2 6 - 2 3 3 5  
Also, compounds with a la rger molecular weight between the maleimido groups, 
compared with bis(4-maleimidophenyl)methane, have been synthesized in order to 
address the b r ittle n e ss  problem in these system s / 15 Homopolymerization of the 
bis-maleimides is  modified by the reaction with a second component, which does 
not react with i t s e l f  under the curing conditions.
Resins based on bis-maleimides are generally  two component systems. For 
example, bis(4-maleimidophenyl)methane, a c ry s ta llin e  so lid  (mp 155-156*0*15
having a re la tiv e ly  short chain length between the reactive  (maleimido) s i te s  is  
mixed with a lower melting second component, such as 2 ,2 ' - b 2 s ( 3 - a l ly l - 4 -  
hydroxyphenyl)isopropylidene. Since the la t te r  is  a liquid, p ro cessab ility  is  
improved. On curing, a chain-extending addition reaction  (known as an ‘ene’ 
reaction) takes place between the double bond (/z-bond) of the b is-maleimide and 
the ally  1 -type  o lefin ic  double bond of d iallylbisphenol p rio r to  c ro ss-link ing  
via ‘Diels-Alder’ and fu rth e r ‘ene’ re a c tio n s /37*38*43-47*126* , 2 7 * 2 2 S - 2 3 3 * 2 6 6 , 2 6 7 5  The 
Diels-Alder reaction  is  an addition reaction  in which C-l and C-4 of a 
conjugated diene system become attached to  the doubly-bonded carbons of the 
unsaturated carbonyl compound to  form a six-membered ring. A concerted, s in g le - 
s tep  mechanism is  almost certa in ly  involved / 4 0 5  The Diels-Alder reaction  is  an
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example of a [4rc + 2n1 cycloaddltion because i t  involves a system of 4tt 
e lectrons (the diene) and a system of 2 ;r e lec trons (the dieneophile). Thus, 
re la tiv e ly  large molecular segments are generated between c ro ss-lin k s  when 
compared with the res in  generated from the b is -maleimide alone. The o le fin ic  
linkage of the maleimide is  i t s e l f  susceptib le  to  homolysis by the agency of 
heat; the nature  of the in it ia tin g  rad ica l is  not known.'15 Once cleaved, a 
rapid free  rad ica l homopolymerization takes place via the maleimide linkages, 
re su ltin g  in a highly cross-linked, b r i t t le  network.
Zahir e t  a i / 2675 carried  out a thorough investigation  in to  the commercial 
Matrimid 5292 res in  and by using 13C nmr and mass spectroscopy iso la ted  an 
interm ediate in the co-reaction  of the two components of the m aterial: b is(4- 
maleimidophenyDmethane and 2,2-M s(3-allyl-4-hydroxyphenyl)isopropylidene which 
was iden tified  using 13C nmr as being a propenylphenol-type of s tru c tu re  
(Figure 5.1). The co-reaction  of the a lly l double bond with the maleimide double 
bond was ascertained  from signals c h a rac te ris tic  of asymmetric carbonyl 
resonances in i t s  13C nmr spectrum /37' 38,43,445 As a re su lt i t  was proposed th a t 
the f i r s t  s tep  of the polyaddition of b is -maleimide to  2,2’- M s(3-ally  1-4- 
hydroxy phenyl )isopropylidene is  an ‘ene’ reaction  f i r s t  proposed by Alder in 1943 
to give a 1:1 adduct with the propenylphenol type of s tru c tu re  ( i l lu s tra te d  in 
Figure 5.1, with the asymmetrical carbonyl resonances indicated).
Measurements were also  carried  ou t42675 using both TBA and an ad iabatic  
calorim eter on o -a lly lic  and o-propenyl phenols to  demonstrate the g re a te r  
re ac tiv ity  of the o-propenylphenols over the o-allylphenols with the maleimide 
functional group. This re su lted  in the proposal of the second s tep  based on the 
Wagner-Jauregg reaction  (who showed th a t sty rene and su b s titu ted  s ty ren es  add 
maleimide and maleic anhydride by a Diels-Alder mechanism) where a
maleimide functional group ac ts  as the dienophile to  the o-propenyl phenol type 
‘ene’ adduct formed in the f i r s t  step. Rearrangement of the double bond to  give 
an aromatic ring was suggested as providing the driving force fo r th is  s tep  
leading to  a poly cyclic adduct which has two maleimide m oieties fo r every 
phenolic functional group (Figure 5.1).
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Figure 5.1 Proposed reaction scheme of Matrimid 5292.
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This same study outlined the favourable physicomechanical p roperties 
claimed for th is  m aterial. The commercial Matrimid 5292 toughened bis-maleimide 
resin  has also  been evaluated in s tud ies carried  out by Lee e t a l . ,° 43’1445 King 
e t a l.,<126’,27) and Chaudhari e t a l.t45_47> in which both the cured neat re s in  and 
composite p roperties  were reported. I t  was found tha t, with the exception of Tg, 
d iffe ren t levels of postcure did not s ig n ifican tly  a l te r  the mechanical 
p roperties of the res in  system which exhibited favourable toughness and hot/wet 
properties.
Abraham05 reported the f i r s t  three-component bis-maleimide system in 
which a l l  th ree  components in te rreac t. The mixture contained a b is -maleimide 
(2 ,4-bis-maleimido toluene), a d istyrene, (4,4'-[sulphonylbis(/?-phenoxy-p-phenyl 
isopropylidene)]di (phenol), and the o,o‘-diallylbisphenol, (o ^ ^ d ia l ly l-  
4,4 ,[sulphonylM s(p-phenylenoxy-p-phenylenisopropylidene3di (phenol). By
introducing a th ird  component which did not homopolymerize under the curing 
conditions, but which reacted  with both the second component and the b is- 
maleimide, resu lted  in a res in  with p roperties superior to  those derived from 
both the corresponding two-component systems. The resin  had low m oisture 
absorption (1.43%), Tg (dry) = 281 °C, Tg (wet) = 249X, and was expected to  have 
excellent impact streng th  although no d e ta ils  were given. C ross-linking was 
reported to  have been lim ited, and the c ross-links formed were assumed to  be 
more uniformly d is trib u ted  than in a conventional two-component bis-maleimide 
system (which, i t  was assumed, resu lted  in the improved properties observed).
(5.5) Proposed Co-reaction o f B is-m aleim ides and A lly l-su b s titu te d  Cyanate 
E sters
The co-polymerization of bis-maleimides with reactive  oligomers such as 
m ultifunctional epoxies or dicyanate e s te rs  is  one of the approaches adopted to  
improve the physical properties of resins. This can be beneficia l in p la s tic iz in g  
the unpolymerized system which aids the processing, and can also  produce a 
tougher, im pact-to lerant network, as shown for example by compact tension  
frac tu re  toughness measurements.
The work carried  out in the course of th is  research is  believed to  be the 
f i r s t  of i t s  kind involving two such species and so there  e x is ts  no l i te r a tu re  
upon which to  draw d irectly . However, following 13C nmr measurements made upon
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part ia lly-converted model compounds (see Section 5.5,1) i t  is  believed th a t the 
cyanate monomers in it ia lly  cyclotrim erize to  form a triaz in e -lin k ed  network 
before undergoing co-reaction  via the a lly l groups with b is -maleimides through 
an ‘ene’ reaction  (which is  subsequently followed by Diels-Alder addition of a 
fu rth er bis-maleimide group in the manner discussed above for the Matrimid 5292 
resin  mixture). The unreacted bis-maleimides are a lso  capable of 
homopolymerization to  form another network.
<5.5.1) Demonstration o f  C o-reaction o f  A lly l-su b s titu te d  Cyanate e s te r s  and 
M aleimides using 13C nmr
In the s tud ies reported by Zahir e t a l , c267> Carduner e t al.i37,36) and 
Chatta e t a l <43' 44> outlined above, a 13C nmr technique was used to  asce rta in  
th a t co-reaction had occurred between the components of the Matrimid 5292 res in  
via an 'ene’/Diels-Alder mechanism. The re s u lts  of th is  analysis of the two- 
component mixture p rio r to  reaction  exhibited a strong chemical s h if t  a t -  170 
ppm corresponding to  the two equivalent carbonyl resonances in the maleimide 
molecule. In the Zahir e t a l i2e7> study the reaction  mixture was maintained at 
150*C for two hours, a f te r  which time 13C analysis revealed th a t th is  s ignal 
was now accompanied by two new sh if ts , a t -  176 and -  178 ppm. These two new 
resonances, -  one th ird  of the in ten s ity  of the maleimide carbonyl, were 
a ttr ib u te d  to  the newly-formed asymmetry in the propenylphenol-type s tru c tu re  
of the adduct (i.e., the carbonyl groups in the adduct are in non-equivalent 
environments, and tha t corresponding to  the carbonyl nearest to  the  propenyl 
bridge is  drawn downfield by i t s  influence, re la tiv e  to  the o ther carbonyl 
adjacent to  the ring >CH2).
In the absence of any d irec t precedent in the l i te ra tu re , i t  was postu la ted  
tha t the a lly l-su b s titu te d  cyanates prepared in the course of th is  research  
would undergo an analogous 'ene’/D iels-Alder reaction  with a reac tiv e  maleimide 
double bond to  form a sim ilar propenylphenol-type adduct. However, the 
allyl/maleimide co-reaction would be in d irec t competition with the 
cyclotrim erization of the cyanate functional group in the monomer. Having no 
precedent, i t  was unknown whether the presence of the o -a lly l group (known to 
take up an unhindered >conformationi in the so lid  s ta te  from the c ry s ta l 
s tru c tu re , see Section 4.7) would hinder the formation of the tr ia z in e  ring  of 
the cyanurate. Although i t  was generally  believed th a t the cyclo trim erization  
reaction (requiring more modest reaction  conditions than the ‘ene’/D iels-A lder
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reaction) would occur before the co-reaction between the a lly l and maleimide 
groups, i t  was not known whether, having formed a p a r tia l  triazine-netw ork, 
there  would s t i l l  be su ffic ie n t mobility w ithin the system for unreacted 
maleimide and a lly l groups to  approach each o ther and co-react.
(5.5.1.1) Co-reaction o f  A llylbenzene and N-Phenylmaleimide
In it ia lly  i t  was decided to  try  and reproduce the re s u lts  reported by Zahir 
e t a l t267> for the Matrimid 5292 resin . However, as subsequent te s tin g  would 
involve the model compounds l-ally l-2-cyanatidobenzene and IV-phenylmaleimide, i t  
seemed more su itab le  to  se lec t monofunctional compounds of sim ilar 
s tru c tu re /ch a ra c te r is tic s . Furthermore, by se lec tin g  model compounds containing 
only single functional groups (allylbenzene and Af-phenylmaleimde) i t  was hoped 
to maintain a soluble reaction  mixture even a t moderately high conversions, to  
allow analysis to  be performed.
The two co-monomers were reacted together with 1% (w/w) AIBN in a boiling 
tube with a dreschel head a t 150*C under nitrogen (4 hours), and the reaction  
mixture cooled -  forming a yellow/amber g lass. Some white so lid  deposits were 
observed on the surface of the boiling tube and, being aware of the extreme 
v o la tili ty  of W-phenylmaleimide th is  was a ttr ib u te d  to  oligomeric p a r tic le s  of 
th is  m aterial having been vo la tilized  from the reaction  mixture to  undergo 
homopolymerization. A fter th is  tem perature programme the reaction  mixture was 
s t i l l  soluble in D6- acetone (the solvent selec ted  for the nmr analysis).
The 13C nmr spectrum (see Figure 5.2) contains a complex mixture of s h if ts  
corresponding0475 not only to  the said  adduct, but a lso  homopolymers, and 
unreacted monomers. Therefore, only the noteworthy fea tu re s  of p a rtic u la r  
relevance w ill be discussed. The spectrum contains two s h if ts  a t 178.94 ppm and 
175.95 ppm which correspond to  the asymmetric carbonyl groups in the 
propenylphenyl-type adduct. The signal in te n s itie s  are small, but c learly  v is ib le  
in the expanded portion of the spectrum (Figure 5.3). As mentioned e a r lie r , the 
‘ene’/Diels-Alder reaction  requ ires moderately high tem peratures and su ffic ie n t 
time for conversion to  take place. A broad signal is  observed a t 177.30 ppm 
which corresponds to  the s lig h tly -d iffe rin g  carbonyl groups in the oligomeric 
poly (W-phenylmaleimide) a ris in g  from homopolymerization. The equivalent 
carbonyls of the unreacted monomeric tf-phenylmaleimide are represen ted  by the 
strong signal a t 170.36 ppm. Finally, s h if ts  a t 34.94 and 34.41 ppm are  newly-
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Figure 5.2 13C nmr spectrum in D6-acetone (75.7 MHz, TMS standard) for
allylbenzene/AF-phenylmaleimide adduct a fter  150 *C, 4 hours.
r
Figure 5.3 13C nmr spectrum in D6-acetone (75.7 MHz, TMS standard) for
allylbenzene/AF-phenylmaleimide adduct a fter  150 X, 4 hours 
(expansion of carbonyl region).
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appeared in the spectrum. A DEPT-135 spectrum revealed these s ignals  to  be due 
to  primary (spa-hybridized) carbon atoms, and as such i t  is  postu lated  th a t they 
are due to  the carbons in the propenyl chain and a licyclic  ring (which are in 
agreement with s h if ts  predicted for these atoms using C -sh ift ta b le s ) . '1475
(5.5.1.2) Co-reaction o f  1 -A lly  1 -2 -cyanatidobenzene and N-Phenylmaleimide
A v ig o rously -stirred  mixture containing l-ally l-2-cyanatidobenzene, the 
model a lly l cyanate e s te r, 7V-phenylmaleimide, a mono-maleimide, and -  1% (w/w) 
AIBN (to in i t ia te  free  rad ica l polymerization) was reacted  a t 140*C (30 minutes) 
a f te r  which time the reaction  mixture had darkened considerably to  an 
amber/brown mixture (some shades darker than the corresponding allylbenzene///- 
phenylmaleimide mixture). A fter 165 minutes the reaction  mixture resembled 
sugared honey in colour and consistency, and smelt s trongly  of unreacted 
cyanate e s te r  (th is  v o la tile  monomer has a pungent smell). A fter four hours a t 
140*C, FT-IR analysis of an aliquot of the reaction  mixture revealed the 
presence of unreacted cyanate (2200cm-1), a lly l groups ( « 1630cm-1, 1000cm-1), 
and maleimide olefin  (3000cm-1). The FT-IR spectrum of the reaction  mixture 
also  displayed signals due to  newly-formed triaz in e  (- 1400cm-1) and cyanurate 
(- 1200cm-1) groups, indicating th a t the cyanate e s te r / t r ia z in e  conversion was 
predominating in the reaction  mixture.
A fter a fu rth e r five hours a t 150’C (i.e., 140*C, 4 hours; 150°C, 5 hours) 
the reaction  mixture, a glassy so lid  on cooling to  room tem perature, was s t i l l  
su ffic ien tly  soluble for 13C nmr analysis. The 13C nmr spectrum of the reaction  
mixture (Figure 5.4) displayed the following sa lien t featu res: the paired signals  
at 176.68 and 175.75 ppm of equal in ten sity  represen t the asymmetrical carbonyl 
groups (and are clearly  v isib le , though of low in ten s ity  under these reaction  
conditions, in the expanded section  of the spectrum -  Figure 5.5). The sig n a l a t 
174.52 ppm is  due to  the tr iaz in e  ring  carbon in the cyclotrim erized 
product;'1475 while the signal a t 170.21 ppm is  due to  the equivalent carbonyl 
signals in the unreacted iY-phenylmaleimide monomer. A range of s h if ts  a t 155.48, 
151.93 and 150.76 ppm are probably due to  the cyanurate carbons in low-weight 
oligomeric poly (tf-phenylmaleimide). The nmr evidence is  consisten t with the 
proposed reaction  mechanism in Figure 5.6 (which is  analogous to  th a t shown 
e a r lie r  for Matrimid 5292, but with the in i t ia l  s tep  being the more rapid 
cyclotrim erization reaction).
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Figure 5.4 1SC nmr spectrum in D6-acetone <75.7 MHz, TMS standard) for
1-ally  1-2-cyanatidobenzene/APphenylmaleimide adduct a fter  140*C, 4 
hours; 150*C, 5 hours.
triazine ring-C
162 161 1*9 P8 P ?
—r~1/6 PSr r n
—r~
p«
—r~
Pi
“T— 
P I
—1— 
P« 1 69 166
Figure 5.5 1SC nmr spectrum in D6-acetone <75.7 MHz, TMS standard) for
1-a lly  1 -2 -cyanatidobenzene/AF-phenylmaleimide adduct a fter  140*C, 4 
hours; 150T, 5 hours <expansion of carbonyl region).
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Cyctotrimerization
'ENE' Reaction
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Further Cross-linking
'ENE' / Diels-Alder product 
and homopolymers
Figure 5.6 Proposed reaction mechanism for a lly l-su b stitu ted  cyanate e ster s  
and maleimides.
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(5.6) Enhancement o f the Dynamic Mechanical P roperties o f  A lly l-su b s titu te d  
Cyanate E ster/b is-m aleim ide JPNs
The dynamic mechanical p roperties  of the homopolymer of 2 ,2 '-jb is(3 -a lly l-4 - 
hydroxyphenyl)isopropylidene have already been discussed in Section 4.9.2,2. The 
in i t ia l  cure schedule employed fo r these res in s  (180 X, 1 hour, 200 *C, 2 hours, 
250X under argon, 5 hours) was in su ffic ien t to  e ffec t fu ll  cure of th is  
p a rticu la r m aterial, and repeated cycling in the DMTA clamps (to a fin a l 
tem perature of 348X) was required before a fin a l Tg of > 350X was obtained 
for the network. This p a rticu la rly  high Tg (due in the main to  the high cross­
link density of the cured network) may be disadvantageous as a p o ten tia l matrix 
resin  for s tru c tu ra l  composites, since the m aterial may be inherently  b r i t t l e  
due to  th is  high cross-link  density.
In order to  confer g rea te r toughness on th is  network polymer i t  was 
decided to  in v estig a te  the dynamic mechanical p roperties of polymers which had 
been chain-extended using b is -maleimides. I t  had already been noted from the 
13C nmr study (see Section 5.5.1.2, above) th a t an ‘ene’/Diels-Alder was believed 
to  be the likely  mechanism responsible for th is  co- react ion .iA03 Furthermore, 
such a co-reaction, when i t  occurs in the analogous allylbisphenol/M s-m aleim ide 
blends, serves to generate re la tiv e ly  large molecular segments between cross­
links resu ltin g  in a tougher network with g rea te r impact re s is ta n c e .'0
(5.6.1) Dynamic Mechanical P roperties o f a Co-polymer o f  2t2 ,-B is  (3 -a lly l-  
cyanatidophenyD isopropylidene and B is (4-maleimidophenyl)methane (21 
+ 10)
A fter the completion of the cure cycle mentioned above (and recommended 
by Ciba Geigy for the cure of th e ir  commercial Matrimid 5292 resin), the 
analysis by DMTA revealed th a t the copolymerization of these two components 
yielded a m aterial with a re la tiv e ly  high sto rage modulus (LogE' -  9.2 Pa, 50 X) 
which does not decrease s ig n ifican tly  (LogE' -  9.0 Pa, 310X) u n ti l  the Tg 
0 3 4 3 X from LogE"MAX), a t which the maximum value of LogE" is  -  7.4 Pa (see 
Figures 5.7 and 5.8). This is  another graphic demonstration of the proposed co­
reaction  of the a lly l and maleimide groups via an ‘ene’/Diels-Alder reaction. The 
homopolymerization of both comonomers fa iled  to  a tta in  fu ll  cure u n til  repeated 
cycling (see Figure 5.7), whereas upon addition of a bis-maleimide containing a 
reactive  o lefin ic  bond the Tg achieved was >343X without any m odification of
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the cure cycle being required, However, the high Tg (>343*C) and low tan 6 value 
(- 0.14) indicate th a t the system is  s t i l l  too highly cross-linked to  have 
optimum toughness p roperties, and modification with a b is -maleimide having 
g rea te r chain length between the cross-links was considered.
(5.6.2) Dynamic Mechanical P roperties o f a Co-polymer o f  2,2 ’-B is  (3 -a lly  1- 
cyanatidophenyl)isopropylidene and B is-4 - (3-maleimidophenoxyphenyl) 
sulphone (21 + 2 )
The b is-maleimide with the lowest p o ten tia l c ross-link  density  encountered 
in the course of th is  work is  th a t contained within th is  blend (2). This isomer, 
containing m eta-catenation, ra th e r than the corresponding a l l - para varian t was 
chosen with the aim of reducing the c ro ss-lin k  density and increasing chain 
f lex ib ility . A fter the completion of the standard cure cycle, the analysis by 
DMTA revealed th a t the copolymerization of these two components yielded a 
m aterial with a disappointingly low sto rage modulus (LogE1 -  8.4 Pa, 50*C), see 
Figure 5.8. However, as discussed in Section 2.4.5, the magnitude of th is  
parameter is  also re la ted  to  the sample geometry and in th is  case an unusually 
narrow bar was produced due to  a poorly ground sample. Therefore, the magnitude 
of the moduli w ill not be discussed, save the loss representing  Tg. This also 
demonstrates the proposed co-reaction  of the a lly l and maleimide groups via an 
'ene'/D iels-Alder reac tio n .'40’ However, whereas (.21 + 2) containing the arylene 
methylene bridged b is-maleimide achieved a Tg of ) 343 *C, the decreased cross­
link density and increased chain f le x ib ility  of th is  system re su lt in a Tg of 
296 *C. This copolymer also  appears to  show signs of displaying a second 
tran s itio n  (corresponding well with the Ts of the cyanate homopolymer, -  350*C). 
This may indicate e ith e r th a t the co-polymer is  also  in su ffic ien tly  cured as a 
re su lt of th is  cure cycle, or th a t the components form an IPN. I t  must be noted 
th a t the presence of the bis-maleimide in the aspartim ide (17) a lso  produced a 
sim ilar re su lt which indicated the presence of such a morphology (see Section 
3.10.3).
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Figure 5.7
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Composite DMTA data (10 Hz, single cantilever, 2X/minute under 
nitrogen) for neat resin samples o f homopolymers of (10) and (21), 
and the resulting copolymer (10 + 21).
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(5.6.3) Dynamic Mechanical P roperties o f  a Co-polymer o f  2 ,2 '-B is (3 -a lly l-  
cyanatidophenyD isopropylidene and 2,2'~Bis (4-cyana tidophenyl)
isopropylidene (21 + 4)
A fter the completion of the standard cure cycle, the analysis by DMTAC35' S1 ’ 
revealed th a t the copolymerization of these two components yielded a m aterial 
which displayed the signs of having been incompletely cured (see Figure 5.9). A 
shallow drop in sto rage modulus a t -  198'C from LogE’ -  9.1-9.2 Pa to  a trough 
at LogE1 -  7.8-7.9 Pa a t 250’C before an increase in modulus was observed as 
the m aterial began to  undergo fu rth e r curing. The m aterial was quenched a t a 
tem perature of 350 *C before being rescanned. The sample now displayed a 
re la tiv e ly  high storage modulus (LogE' -  9.45 Pa, 50#C) which decreased
moderately (LogE* -  9.0 Pa, 255*C) u n til  the f i r s t  tra n s itio n  was observed Tg = 
255 *C (from LogE"MAX -  8.1 Pa). This value corresponds well with the homopolymer 
of 2,2 '-bis(4-cyanatidophenyl)isopropylidene (see Section 4.9.2.1). An in flec tio n  
was observed in the LogE' before a second Tg was observed a t >350*C 
corresponding to  th a t of the homopolymer of 2 ,2 '-b is (3 -a lly l-4 -  
cyantophenyl)isopropylidene (21). The maximum value of tanS was ^ 0 .2 1  a t 287 *C. 
I t  appears th a t the resin  network is  made up of the two dicyanates forming
d iscre te  homopolymers via a triaz in e  linked network with predictably l i t t l e  or 
no co-reaction.
(5.6.4) Dynamic Mechanical P roperties o f  a Co-polymer o f  2 ,2 ,-B is(4 -  
cyanatidophenyD isopropylidene and B is (4-maleimidophenyl)methane 
(4 + 10)
This mixture was formulated to  mimic the commercial BT-resin.<1705 S tudies 
were carried  out in the course of th is  work (see Section 5.7) to  dem onstrate 
th a t the proposed co-reaction between these two components does not appear to  
take place, and th a t each of the co-monomers appears to  be undergoing only
homopolymerization. A fter the completion of the standard cure cycle, the DMTA 
analysis revealed th a t the attem pted copolymerization of these two components 
yielded a m aterial which displayed the signs of having been incompletely cured
(see Figure 5.9). A shallow drop in sto rage modulus a t * 200*C from LogE' -  9.1-
9.2 Pa to  a trough a t LogE' -  8.7-8.8 Pa a t 280 *C before an increase in modulus 
was observed as the m aterial began to  undergo fu rth er curing in the DMTA 
clamps. The m aterial was quenched at a tem perature of 360 *C before being 
rescanned. The sample now displayed a re la tiv e ly  high storage modulus (LogE' -
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9.4-9.5 Pa, 50*C) which decreased moderately (LogE1 -  9.25-9.3 Pa, 200-220"C) 
u n til  an in flec tion  was observed a t -  230-240 *C before a tru e  Tg was observed 
a t > 380 *C.
Table 5.1 Dynamic Mechanical Properties for the Cured Co-polymers at 
2 ‘C/minute, 10Hz, single cantilever under nitrogen.
Polymer Molar LogE"„flX (*C> Tan5,MAX  ^ C)
from R atio
1 2 1 2
(10 + 21) 2. 00 343 364
(2 + 21) 2. 00 296 - 310 -
350 - 353 -
(4 + 10) 2. 00 248 210 250 260
380 >380
(4 + 21) 1. 00 198 255 214 287
(7 + 10) 1.00 269 - 290 -
327
Note: All samples were cured for 1 hour a t 180*C; 2 hours a t 200 *C; and 5 hours
at 250*C under argon. The tem peratures quoted as (1) are the re s u lt  of the
in i t ia l  DMTA tem perature scan, while an entry under (2) ind ica tes th a t the
sample underwent fu rth er curing in the DMTA while being scanned, or was
rescanned and the f in a l value is  given.
(5.6.5) Dynamic Mechanical P roperties o f  a Co-polymer o f  2 ,2 '-B is(3 -a lly  1 -4 - 
hydroxyphenyD isopropylidene and Bis-4-m aleim idophenylm ethane 
(7 + 10)
This formulation is  th a t of the Ciba Geigy commercial res in  Matrimid 5292, 
for which the cure cycle was su g g ested /45-*7*126*127, ,il3' ,iU-} A fter the completion
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Figure 5.8 Composite DMTA d a ta  (10 Hz, s in g le  can tilever, 2 ‘C/minute under
n itrogen) fo r neat re s in  samples of th ree  copolymers of i2D .
L O G E '  L O G E "
( P a )
9 . 5
<7 + JO)8 . 5
7 . 5
6 . 5 8 . 5
5 . 5 7 . 5
4 . 5 6 . 5
4 0 0100 3 0 0
Figure 5.9 Composite DMTA data (10 Hz, sin g le  cantilever, 2 "C/minute under
nitrogen) for neat resin samples o f two 'commercial* copolymers.
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of the standard cure cycle, the sample bar was of very poor quality  and 
contained « 30% voids. The sample preparation was subsequently repeated to  the 
same end. Discussions were held with the commercial suppliers who revealed tha t 
th is  was a common problem and receiving th e ir  a tten tion . They could o ffe r no 
suggestions to  help obviate the problem, other than a staged cure (incoporating 
steps of 1 hour a t 110X, 1 hour a t 120X, 1 hour a t 140*C, and 1 hour a t 150X 
into  the cure schedule p rio r to  the standard procedure). However, th is  served 
only to  s lig h tly  diminish the void content, and the analysis had to  proceed with 
poor q u a ltity  samples (allowing only discussions of the tra n s itio n  tem peratures 
to be made ra th e r than magnitude of the the moduli). Ironically , the cure 
schedule produced the poorest quality  sample for the resin  for which i t  was 
orig inally  designed. The analysis by DMTA revealed th a t the copolymerization of 
these two components yielded a m aterial which was fu lly  cured (see Figure 5.9). 
The f i r s t  drop in modulus occurs a t -  269X. A second w ell-defined tra n s itio n  is  
observed at 327 X. The sample does seem to  display the fea tu res of an SIPN, 
with a d is tin c t plateau separating  the two observed tran sitio n s .
(5.7) A Study o f the Proposed Bis-m aleim ide/D icyanate E ster Co­
polym erization using ts N nmr Spectroscopy
Based on the triaz in e  technology developed by Bayer AG in Germany (see 
Section 4.1.1) in the la te  1960s,<7e_83J M itsubishi Gas Oil Chemicals created  a 
new family of resins which are blends of bis-maleimides with dicyanate e s te rs  
or dicyanate e s te r  prepolymers. Dicyanate e s te r  res in s  are a lso  known as 
triaz in e  resins, triaz in e  re fe rrin g  to  the chemical s tru c tu re  of the polymerized 
cyanate e s te r  (see Section 4.1.2). Blends of Ms-maleimides and tr ia z in e s  are 
commercialized as BT-resins (B = bis-maleimide, T = triaz ine). There is  no 
sc ie n tif ic  l i te ra tu re  published dealing with the chemistry of the 
copolymerization of maleimides with cyanate e s te rs . In the product manual for 
the commercial resin s i t  is  claimed'170 J th a t the copolymerization re s u lts  in 
s tru c tu re s  as given below in Figure 5.10.
A g reat varie ty  of resin  form ulations is  possible because o ther therm osets 
like epoxies or acry lates and reactive  d iluen ts like o-d ia lly lph thala te , t r i a l ly l  
cyanurate can be used to  fu rth e r modify the BT-resin. The resin  concept is  very 
flex ib le  because bis-maleimide and dicyanate e s te r  can be blended and
Figure 5.10 Proposed reaction scheme for BT-resin.
-50 ■100 ■150 - 2 0 0PPM -2 5 0 - 3 0 0
Figure 5.11 15N nmr spectrum in acetone <30.4 MHz* MeNO^ , external standard)
for reaction mixture of (1) and (6) a fter  180 X, 1 hour; 200 X, 2 
hours; and 230 X, 4 hours.
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copolymer ized in almost every ra tio . If  bis-maleimide is  used as a major 
constituen t then homopolymerization of the excess bis-maleimide takes place 
besides the copolymerization. C atalysts like zinc octoate or te r t ia ry  amines are 
recommended for cure. BT-resins are mainly used in p rin ted  c irc u it-  and 
m ultilayer boards.
(5.7.1) Reaction Conditions fo r  the Proposed Co-reaction
In order to  produce an adduct of the copolymerization reaction  th a t was 
soluble (enabling solution nmr analysis to  be undertaken), the model compounds, 
JV-phenylmaleimide (i)  and 2-phenyl-2-(4-cyanatidophenyl)isopropylidene (6) were 
used in the reaction. The co -reac tan ts  were blended in the ra tio  of maleimide: 
cyanate (2:1) by carefu l s t ir r in g  a t room tem perature under n itrogen for 30 
minutes p rio r to  addition of a trace  of AIBN followed by reaction. The blend was 
then heated a t 180°C (for 1 hour), 200°C (for 2 hours), and 230*C (for 4 hours) 
-  a schedule th a t should have been su ffic ien t to  e ffec t some degree of co­
reaction i f  the proposed mechanism was correct. The re su ltin g  brown/black 
viscous ta r  (which became a g lass  upon cooling to  room tem perature) was then 
analyzed by 13C and 1SN nmr spectroscopy (the operating conditions of which are 
outlined in Section 2.2.10).
(5.7.2) 1SN nmr Spectral Assignment o f  Co-monomers and Product
According to  the proposed'1705 copolymerization scheme for the BT-resin the 
major component of the product (which w ill be a mixture of both co- and 
homopolymers) is  thejpyrim idjue-type compound depicted in Figure 5.10. Using 
monofunctional m aterials r e s t r ic ts  the network formed, and many of the 
molecules w ill be term inated by JV-phenylmaleimido or 2-phenyl-2- (4- 
cyanatidophenyl) residues. However, i t  can s t i l l  be assumed th a t i f  the 
copolymerization mechanism is  correct then the re su ltin g  adduct w ill contain a 
number of nitrogen atoms in a varie ty  of environments. In addition to  the 
n itrogens contained in the homopolymer (albeit an oligomer) of W-phenylmaleimide 
and the re su ltin g  triaz in e  of (6), tr is -  (4-cumylphenoxy)-1,3,5 - tr ia z in e  (in which 
the n itrogens are a l l  equivalent), there  w ill also  be a t le a s t two fu rth e r non­
equivalent nitrogen atoms contained in the pyrimidine adduct (and probably yet 
more nitrogen species in the random copolymer). If, however, there  is  no co­
polymerization between the maleimide and cyanate e ste r, but th a t the co- 
reactan ts  simply undergo homopolymerization then the 15N nmr spectrum w ill be
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much simpler (containing s h if ts  due to  monomeric 2-phenyl-2-(4-cyanatidophenyl) 
isopropylidene and i t s  corresponding triaz in e , tr is -  (4-cumylphenoxy)-1,3,5-
triaz in e , AF-phenylmaleimide and i t s  corresponding oligomers.
The re su ltin g  15N nmr spectrum is  shown in Figure 5.11 and c learly  shows 
the presence of th ree  d is tin c t chemical s h if ts  due'1*85 to  N-phenylmaleimide 
(5 -213.99ppm) 2-phenyl-2-(4-cyanatidophenyl)isopropylidene (6 -217.27ppm), and 
tr is -  (4-cumylphenoxy)-1,3,5 -tr ia z in e  (5 -179.30ppm), I t  appears th a t under these 
p a rticu la r reaction  conditions, which are suggested” 705 for the co­
polymerization of the commercial product containing the d ifunctional m ateria ls  
4,4l-bis(4-maleimidophenyl)methane and 2 ,2 '- b is (4 -cyanatidophenyl)isopropylidene, 
there  is  l i t t l e  homopolymerization of AF-phenylmaleimide and the dominant 
reaction  is  the trim eriza tion  of 2-phenyl-2-(4-cyanatidophenyl)isopropylidene. 
The spectrum is  very simple and shows no appreciable quantity  of any o ther 
nitrogen atoms. This could be explained in one of two ways: a) i f  the copolymer 
is  present in minimal q u an titie s  (which is  a t odds with the proposed j pyrimidine 
adduct being the major reaction  product); or b) i f  the n itrogen atoms of the 
pyrimidine adduct are adversely a ffec ted  by the p a rticu la r pulse sequence used in 
the acqu isition  of the spectrum, (th is  is  unlikely as the n itrogen atoms of the 
triaz in e  ring, which are in a sim ilar though not iden tica l environment are 
clearly  detectable).
As a re su lt of th is  short study, the evidence would appear to  re fu te  the 
existence of a co-reaction  between the maleimide and cyanate groups, suggesting 
instead tha t the two components undergo d isc re te  homopolymerizations. This 
would produce a network (from difunctional m aterials) which contains po ly (b is- 
maleimides) and triaz in e  s tru c tu re s  interwoven ra th e r than in terconnected (an 
in terpenetra ting  network polymer, see Section 5.2). This study is  not completely 
sa tisfac to ry , as i t  assumes th a t the model compounds w ill behave in a sim ilar 
fashion to  the commercial product (which may have s lig h tly  d iffe ren t 
re a c tiv itie s , or contain additives to  enhance co-reaction). A more sa tis fy in g  
study would involve solid  s ta te  15N nmr spectroscopy upon the fu lly -cu red  
commercial product (and work is  curren tly  underway to  evaluate the technique in 
th is  application).'955
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(5.8) Comparison o f Cured Neat Resin Properties o f Homo- and Copolymers
(5.8.1) Thermal S ta b ili ty  o f  In terpenetra ting  Network Resins (IFNs)
Hsiue e t a l .(1985)” ’45 investigated  the neat re s in  p roperties  of dicyanate 
e s te r  sem i-in terpenetrating  network (SIPN). The thermal p roperties  were assessed  
of SIPNs containing the incorporation of e ith e r poly (carbonates) or 
poly (sulphones) in to  a dicyanate e s te r  network based on 2 ,2 '-b is (4 - 
cyanatidophenyl)isopropylidene. The thermal s ta b i l i ty  reported was good, a low 1% 
weight loss (at 300* and 350"C) for the poly (sulphone) and i t s  SIPN was 
a ttr ib u te d  to  the loss of v o la tile s , e.g., moisture, from the sulphone -  ra th e r 
than any chemical decomposition a t such tem peratures. I t  was demonstrated tha t 
dicyanate e s te r  SIPNs exhibited b e tte r  thermal s ta b i l i ty  than the pure 
therm oplastic alone on the thermal ageing te s ts .
(5.8.2) Thermal S ta b ili ty  o f  Copolymers and Blends
The following m aterials were selec ted  to  provide a rep resen ta tiv e  sample 
of commercial and novel copolymers and IPNs:
a) A supposed copolymer of 4,4'-bis(4-maleimidophenyl)methane (10) and 2 ,2 '- 
bis(4-cyanatidophenyl)isopropylidene (4) was prepared (bis-maleimide molar 
frac tion  0.667) in the manner prescribed by M itsubishi Gas and Chemical 
Corporation” 705 for th e ir  commercial BT-resin (see a lso  Section 5.7 fo r a 
fu rth e r discussion of the proposed reaction  mechanism).
b) A tru e  ‘ene’/Diels-Alder copolymer of 2,2,-b is(3-ally l-4 -hydroxyphenyl) 
isopropylidene (7) and 4,4,-bis(4-maleimidophenyl)methane (10) (b is- 
maleimide molar frac tion  0.500) in the manner prescribed by Ciba-Geigy for 
th e ir  commercial Matrimid 5292 re s in .'2675
c) A fin a l copolymer was also  prepared containing bis-4-(3-maleimidophenoxy) 
phenylsulphone (2) and 2,2,-b is(3-ally l-4-cyanatidophenyl)isopropylidene 
(21) (bis-maleimide molar frac tion  0.500). In th is  sample which i t  is  
believed represen ts an example of the proposed copolymerization of an 
a lly l cyanate and a bis-maleimide, i t  is  hoped to  dem onstrate improved 
thermal s tab ility .
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(5.8.3) Discussion of the Thermal S tab ility  o f Copolymers
In order th a t the ch a rac te ris tic s  of the blends and copolymers can be 
compared d irec tly  with those of the hompolymers, the reader is  d irected  to 
Tables 3.4 and 4.7 which contain polymer weight loss data in n itrogen for 
poly(Ms-maleimides) and poly (aspartimides)i and poly (cyanurates) respectively . 
Furthermore, the sa lien t fea tu re s  of the TGA re s u lts  have been tabu lated  in 
Appendix 2.1, Table A.l
Table 5.2. Polymer Weight Loss on Heating in  Nitrogen a t 2 *C/minute.
Polymer 
f rom
Molar
R atio
Temperat 
1 5
ure ( 
10
eC)
20
fo r given Weight 
30 40 50
Loss
60
(%)
70
(10 + 4) 2. 00 330 370 385 405 430 480 620 800 940
(7  + 10) 1. 00 319 355 370 385 400 415 440 535 800
(2 + 21) 2. 00 328 360 370 390 400 415 460 580 750
There are precedents for the d irec t comparison of the c h a rac te ris tic s  of 
the two commercial resin  systems. Shimp (1986-9)<2,0_213) evaluated the sh o rt­
term therm o-oxidative (ra ther than thermal) s ta b il i ty  of h is  commercial
dicyanate e s te rs , by TGA in a ir  a t a heating ra te  of 10°C/minute, and compared 
them d irec tly  with re su lts  obtained for toughened b is-maleimides and epoxies of 
diglycidylether and tetraglycidylam ine types cured with aromatic amines (which 
form the basis of m aterials competing for the market share/app lication . While 
short term therm o-oxidative s ta b i l i ty  of the cyanate e s te r  homopolymers was 
found to  be superior (with onsets of degradation of 400-41l ’C in a ir , compared 
with 306’, 369°, and 371'C for an epoxy, aspartmimide, and toughened bis-
maleimide respectively), long term ageing in a ir  a t ) 200 *C re su lted  in
premature fa ilu re  via outgassing (the evolution of the v o la tile  degradation
products discussed in Section 4.4).
W
e
i
g
h
t
 
(%
)
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Figure 5.12 Composite plot o f TGA data (2*C/minute under nitrogen) for three 
copolymers <7 + JO), <4 + JO), and (2 + 2D.
-233-
<5.8.3.1) Thermal S ta b ility  o f  BT-type Resin (4 + 10)
From the data i t  can be seen th a t in the case of the BT-resin (4 + 10)
the thermal s ta b il i ty  as measured by dynamic TGA is  p rac tica lly  the same
(within the accuracy of the technique) to  the homopolymer of the leas t 
therm ally s tab le  component (i.e., 2 ,2 '-b is (4-cyanatidophenyl)isopropylidene), and 
indeed i t  compares very favourably with the o ther poly(cyanurates) te sted . That 
the thermal s ta b il i ty  of the blend (for i t  is  believed in the lig h t of the above
re su lts , Section 5.7, th a t these two components do not actually  co -reac t) is
lower than th a t of the bis-maleimide homopolymer is  not su rprising . I t  would be 
expected th a t the reduction in c ross-link  density  obtained in incorporating 
another component with the b is -maleimide would adversely a ffec t the thermal 
s ta b il i ty  (the influence of cross-link  density  upon thermal s ta b i l i ty  has already 
been discussed elsewhere, Section 3.9.3.1). I t  is  also  of in te re s t to  note tha t 
in it ia lly  (up to  -  20% weight loss) the thermal s ta b il i ty  of the BT-resin
(Figure 5.12) is  comparable with many of the arylene-linked poly(aspartim ides) 
(ii-1 4 ); the ‘mixed* poly (aspartim ides) (15) and PES-type poly (aspartim ides) (16- 
16), but beyond th is  point the BT-resin appears to  exhibit a therm al s ta b i l i ty  
th a t is  comparable with the arylenemethylene- and e ther-linked  
poly (aspartim ides) and g rea te r than the other poly (aspartimides). I t  appears th a t
while the actua l co-polymerization of the two components is  not proven, the
thermal s ta b il i ty  of the m aterial so produced compares very favourably with
resins of known high thermal s ta b ility .
(S.8.3.2) Thermal Stability of Matrimid 5292-type Resin (7+10)
In the case of the second copolymer containing the commercial bis- 
maleimide based on diaminodiphenylmethane (Matrimid 5292) the therm al s ta b i l i ty  
as measured by dynamic TGA (Figure 5.12) is  su b stan tia lly  lower than the bis- 
maleimide homopolymer. Unlike the incorporation of an ary l cyanate e s te r , the 
co-polymerization of 2 ,2 '-bis(3-allyl-4-hydroxyphenyl)isopropylidene serves to  
toughen the network,'45' 47*126,127' 143*144' ’ but the non-bis-maleimide component is  
not noted for i t s  high thermal s ta b ility , with isopropylidene linkages being 
p articu la rly  susceptib le  to  thermal degradation. Hence, the copolymer in i t ia l ly  
(up to  -  10% weight loss) displays a thermal s ta b i l i ty  which is  comparable with 
each of the poly (aspartim ides) and the poly (cyanurates), while being markedly 
in fe rio r to  the poly (Ms-maleimides). However, a f te r  th is  point the therm al 
s ta b il i ty  of the copolymer is  in fe rio r to  a l l  o ther resin  types, including the
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so lu tion  adduct, and the char yield recorded for the copolymer is  among the
lowest recorded in the study (see Table A.l, Apendix 2.1). I t  is  important to 
note, however, th a t the information of g re a te s t use is  th a t perta in ing  to  the 
m ateria l's  use-tem perature (i.e., over the in i t ia l  s tages of weight loss, -  10- 
30%). Beyond th is  point the study is  largely  academic for the re s in  may well be 
extremely charred and su ffe rin g  a dramatic reduction in physico mechanical
p roperties making i t s  continued e ffec tiv e  use a t the extreme elevated
tem perature impossible. Also weight loss may only be observable a f te r
sign ifican t changes in mechanical p roperties (e.g., due to  chemical sc ission  or 
cross-linking  reactions). Hence, the char yield and thermal s ta b i l i ty  during the 
la t te r  s tages w ill be discussed, but th is  important point must be borne in mind 
when considering the eventual application of the resins.
(5.8.3.3) Thermal S ta b ili ty  o f  Novel SIPN Resin (2 + 21)
Finally, in the case of the proposed copolymer of the a lly l-functiona lized  
dicyanate e s te r  (21) and the extended b is-  maleimide (2) the TGA p ro file  
observed (Figure 5.12) is  sim ilar to  th a t of the dicyanate e s te r  homopolymer, 
while displaying a s lig h tly  lower thermal s ta b i l i ty  over the f i r s t  30% weight 
loss. During th is  period (or ra th e r  to  a weight loss of 20%) the copolymer
compares well with a l l  re s in s  save those of the poly (bis-maleimides). However,
beyond th is  point the copolymer appears le ss  therm ally s tab le  than any other
resin  save th a t of the ‘mixed’ poly (aspartim ide) (15c) for which an id en tica l
char yield is  recorded. This is  consisten t with the incorporation of a bis- 
maleimide chain residue th a t has markedly increased the c ro ss-lin k  density  with 
i t s  re su ltin g  reduction in thermal s ta b ility . However, i t  must be noted th a t in 
the all-im portan t in i t ia l  s tag es  of degradation (covering the re s in 's  proposed 
use-tem perature) the novel copolymer performs very well against almost a l l  of 
the o ther res in s  te s ted  in th is  study.
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Summary of Findings
Compounds Synthesized
A varie ty  of compounds was synthesized including the aromatic diamine (6) 
and bis-maleimide (9). These, together with a number of d iffe ren t b is -maleimides 
and diamines were combined to  prepare eight so lu tion  aspartim ide adducts (11s- 
14s, 15cs-15es) and th ir teen  aspartim ide prepolymer blends (11-14, 15er 15f, Ib­
id). Additionally, five ary l cyanates were prepared, (4b, 19-22), two of which 
are novel (20, 22), and the o ther (21) was thought to  be novel u n til  i t s  recent 
i appearance ; in the patent l i t e r a tu r e /182’
Bis-m aleim ides
Following work carried  out by Warner'2555 the value of the  4 ,3 -su b stitu ted  
phenoxyphenylsulphone linkage was recognized in providing re la tiv e ly  low cross­
link density and f le x ib ili ty  while re ta in ing  thermal s ta b ility . Hence, a large 
batch of the diamine (8) was successfu lly  synthesized and purified  by several 
re c ry sta lliza tio n  steps. This diamine was intended to  serve as both a comonomer 
in subsequent aspartim ide syntheses and also  as a precursor to  the 
corresponding b is-maleimide, b is -4- (3-maleimidophenoxy)phenylsulphone (2).
Bis(4-maleimidophenyl)ether (9) was obtained impure as synthesized and 
successfully  purified  by; passing; a so lu tion  through a n eu tra l activated  alumina 
column. The commercial monomer, bis-  (4-maleimidophenyl)methane (10), was also  
purified  in the same manner. A se r ie s  of frac tions were co llected  and, a f te r  
drying, were te s ted  for pu rity  by DSC. Only frac tio n s  displaying the previously- 
observed'14-16,2555 rapid-m elt/polym erization behaviour (which characterizes  highly 
pure maleimides) were combined to  produce highly pure product. As in the 
case of the highly-pure bis-maleimides containing four arylene r in g s , '13-15,2555 
the sh o rte r arylene methylene- and arylene e ther-linked  b is -maleimides a lso  
displayed a second exothermic reaction  a t higher tem peratures when obtained in 
a pure s ta te . This behaviour was not noted in the impure (or m icroanaly tically- 
pure m aterials). These pure bis-maleimides were also analyzed for th e ir  therm al 
s ta b il i ty  in nitrogen using dynamic TGA, but showed no fundamental d ifferences 
from figures recorded for crude m aterials in the lite ra tu re .
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Aspartimides
A se r ie s  of eight aspartim ide adducts (containing various aromatic 
residues) ( lls -1 4 s , 15cs-15es) was prepared using a standard method'26,53,2075 
involving the refluxing  of comonomers in high boiling solvent with a su itab le
weak protonic acid ca ta ly st, and analyzed using nmr, m icroanalysis and FT-IR.
Microanalysis and *H nmr revealed th a t even a f te r  rigorous drying procedures 
the m aterials remained crude (containing occluded solvent). Furthermore, DSC 
analysis of these adducts revealed highly irreg u la r, irreproducible thermograms 
which proved qu ite  unsuitable for q u an tita tiv e  analysis.
After preparing prepolymer blends of the same adducts (11-14, 15c-15f) via 
molten fusion of the comonomers followed by quenching the homogeneous melt 
p rio r to  reaction, i t  was possible to  obtain DSC thermograms which showed 
remarkable rep ea tab ility . The polymerization enthalpy was found to  increase 
linearly  with the bis-maleimide (and hence reactive  double bond) content. So 
tha t by p lo tting  these two param eters (polymerization enthalpy and bis- 
maleimide molar frac tion) against one another i t  was possible, with the 
extremely close data f i t  obtained, to  ex trapo late  to  the condition a t which the 
bis-maleimide molar frac tion  was one (i.e., the bis-maleimide monomer). The 
in tercep t a t th is  point represented the polymerization enthalpy of b is -4- 
maleimidophenylmethane (10). The predicted enthalpy obtained from the
extrapolation was in close agreement with th a t obtained for the polym erization 
of maleimide using c la ss ica l calorim etric techniques.'365 I t  is  w ell-
known'61' 118,2385 th a t bis- maleimides do not undergo complete reaction  when 
thermally polymerized, and so i t  is  generally  not possible to  obtain an accurate  
polymerization enthalpy using DSC techniques.
The DSC data for (15) and (16) were also  evaluated over wide apparent
conversion lim its  (5-90% in most cases) using an n 'th —order model to  y ield  
Arrhenius parameters for the reaction. The overa ll order of reaction  fo r the 
th e rm ally -in itia ted  process was found to  conform very closely to  a second order 
up to  a conversion of -  90% a t which a large deviation from lin e a r ity  was
observed, and the reaction  order began to  drop. Owing to  the magnitudes of
reaction  order and the polymerization enthalpy, and the close f i t  to  a lin ea r 
model over a wide conversion range, i t  is  believed th a t the k in e tic s  observed 
re la te  prim arily to  the ionic Michael addition reaction. This process is  known to  
be fa s t, and to  proceed almost to  completion, ra th e r than the k in e tic a lly -
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complex thermal polymerization of maleimide which proceeds via a vinyl addition 
polymerization to  yield a much more variable reaction  order over much lower 
reaction  l im i t s /14-16' 2555
The aspartim ide adducts of both the so lu tion  and molten-blend preparations 
were fu lly  cured to  form thermoset polymers. These polymers were analyzed for 
thermal s ta b lity  in nitrogen using dynamic TGA. I t  was immediately evident th a t 
the polymers prepared from solu tion  adducts were of markedly lower therm al 
s ta b il i ty  than those of the analogous blend adducts. This may be a re s u lt  of 
the e ffe c ts  of occluded solvent or the presence of traces  of the weak protonic 
acid used to  catalyze the Michael addition reaction  (which would also  catalyze 
the retro-M ichael addition reaction  proposed by C rivellocs3> to  be the 
decomposition mechanism). While there  were generally  only small d ifferences in 
the thermal s ta b i l i t ie s  of poly (aspartim ides) containing sim ilar residues there  
were sign ifican t d ifferences between groups containing d iffe ren t residues. The 
thermal s ta b i l i ty  was found to  be influenced by the cross-link  density  of the  
polymer (the polymers containing PES-type residue were of the lowest therm al 
s ta b il i ty  while those containing arylene e ther and methylene links were of the 
highest, with the ‘mixed’ residue polymers interm ediate).
The dynamic mechanical p roperties  of the cured neat re s in s  (of the 
prepolymer blends) were analyzed by DMTA. Four re s in s  of (15) were analyzed to  
yield values of g lass  tra n s itio n  tem peratures, Tg (taken from LogE"MAxt and (tan 
8)max). By p lo tting  the values of Tg and the b is-maleimide molar frac tion , a 
linear re la tionsh ip  was obtained between c ross-link  density  and Tg. The 
aspartim ides containing PES-type residues (16-18) were a lso  analyzed and 
predictably the Tg was found to  increase going from a l l -m eta  to  a l l -para  
catenation. In te resting ly , the interm ediate m aterial containing both meta and 
para residues (17) displayed two broad maxima in the LogE" trace  (corresponding 
to  the values observed in the o ther two extremes) indicating the p o ss ib ility  of 
d iffe ren t morphologies being present in the polymer. Finally, the arylene e th e r-  
and arylene methylene-linked aspartim ides (11-14) were not completely cured 
under the schedule used, but the re su lts  suggested th a t very high values of Tg 
could be obtained in these densely cross-linked networks, To achieve fu l l  cure 
would require reaction  schedules approaching decomposition tem peratures.
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Cyanate Esters
Five ary l cyanate e s te rs  were synthesized in the course of th is  work, of 
which two are novel and the th ird  was only recen tly  published in patent 
l i te ra tu re . For the c ry s ta llin e  monomer (46) a re c ry s ta lliz a tio n  procedure was 
su ffic ien t to  achieve a pure product which in tu rn  was analyzed using sing le  
c ry s ta l X-ray d iffrac tio n  techniques to  fu lly  determine the s tru c tu re  and 
packing of the d isc re te  molecules. These re s u lts  combined with so lid  s ta te  and 
so lu tion  FT-IR measurements revealed the apparent absence of dim erization of 
th is  cyanate e s te r  in the c ry s ta llin e  s ta te  (which had already been suggested 
elsewhere).'42 5 For two of the novel cyanate e s te rs  (20,21), liqu ids as 
synthesized, i t  was found necessary to  employ preparative HPLC to  achieve high 
098%) purity. Following th is  rigorous purifica tion , one of the compounds (21) 
spontaneously c ry sta llized  and a s tru c tu ra l determ ination was also  carried  out 
on th is  monomer to  determine the o rien ta tion  of the a lly l group. This 
su b stitu ted  functional group was found to  be j diam etrically [ opposed by the 
cyanate group, auguring well for the proposed copolymerization of th is  m ateria l 
(which would requ ire  both reactive  functional groups to  be unhindered). All of 
the a ry l cyanate e s te rs  encountered in th is  study were fu lly  characterized  by a 
range of heteronuclear nmr techniques, and in the case of the n o v e l  compound
(20) a wide range of methods was employed to  achieve fu ll  characterization .
The th e rm ally -in itia ted  polymerization and catalyzed polycyclot rim er iz a t ion 
reactions of five ary l cyanate e s te r  monomers (including two newly-prepared 
m aterials and th ree  commercial monomers) were analyzed using DSC. In the case 
of the thermal polymerization, the DSC data were evaluated over wide apparent 
conversion lim its  (5-90% in many cases) using an n 'th  order model to  y ield 
Arrhenius parameters for the reaction. The overa ll order of reaction  fo r the 
th erm ally -in itia ted  process was found to  conform very closely to  f i r s t  order up 
to  a conversion of -  90% a t which a large deviation from lin e a r ity  was 
observed, and the reaction  order began to  drop (the exceptions to  th is  were the 
commercial m aterials B-10 (4), in which a deviation was observed a t -  40-50%, 
and M-10 (5) which demonstrated an overall order of reaction  which was varying 
constantly throughout the course of the reaction  -  although the lower p u rity  of 
the m aterial was thought to  account for th is  behaviour). The k in e tics  of the 
catalyzed polycyclotrimer iza t ion reaction  were not determined as i t  was apparent 
from the DSC thermograms th a t the overall reaction  order was constantly  
changing, indicating a much more complex reaction  mechanism.
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The thermal s ta b i l i ty  in nitrogen of the polymers of two commercial
m aterials were evaluated alongside the newly-prepared cyanate e s te r  (21). While 
the commercial m aterials displayed a g rea te r char yield (having a lower 
a lipha tic  content) the newly-prepared m aterial demonstrated a s lig h tly  higher 
thermal s ta b i l i ty  which is  probably due to  the increased c ro ss-lin k  density
afforded by the polymerizable a lly l  groups not present in the commercial resins.
The dynamic mechanical p roperties of the cured neat re s in s  (of the
commercial dicyanate e s te r  B-10 (4) and the newly-prepared cyanate e s te r  (21)) 
were analyzed by DMTA to  yield values of g la ss  tra n s itio n  tem peratures, Tg
(taken from LogE"MAX, and (tan 6)MAX). While the commercial res in  was fu lly  cured 
using a commercial cure cycle, the homopolymer of (21) displayed the behaviour 
of a pa rtia lly -cu red  m aterial, showing no d e fin ite  Tg, and required repeated 
cycling before a fin a l Tg o f -  350 *C was obtained.
Following several s tu d ies  carried  out in the l i te ra tu re  to  monitor the cure 
of cyanate e s te rs  using such techniques as DSC, FT-IR, and 13C nmr, an attem pt 
was made to  evaluate the app licab ility  of 15N nmr in th is  capacity. Three 
commercial cyanate e s te r  monomers (and partia lly -converted  prepolymers) were 
analyzed using each of the four techniques mentioned (DSC, FT-IR, and 13C, and 
15N nmr) and good agreement was obtained between the re su lts  of a l l  four 
techniques. This is  believed to  be the f i r s t  time th a t 15N nmr has been 
estab lished  as a q u an tita tiv e  technique for the monitor of the 
cyclotrim erizat ion of cyanates.
Copolymers and Blends
A number of monomers were selected  to  provide a rep resen ta tiv e  sample of 
the commercial copolymer blends available (e.g., Matrimid 5292 and BT-resin) as 
well as several combinations involving newly-prepared m aterials, in an attem pt 
to  determine the e ffe c ts  th a t such copolymerizations have on the resin  
ch arac te ris tic s . Copolymers or blends were analyzed for th e ir  therm al s ta b i l i ty  
in nitrogen using dynamic TGA, and also  for th e ir  dynamic mechanical p roperties  
using DMTA.
The thermal s ta b i l i t ie s  showed no re a l su rp rises , in each case the therm al 
s ta b il i ty  being lim ited by th a t of the le a s t therm ally s tab le  component of the 
copolymer/blend. Predictably those blends containing components containing a
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g rea te r a lipha tic  content displayed lower thermal s ta b i l i t ie s .  In many cases the 
copolymer/blends displayed therm al s ta b l i t ie s  comparable with or exceeding those 
of poly (cyanurate) or poly (aspartim ide) homopolymers.
The dynamic mechanical p roperties  of the cured neat re s in s  (of the 
copolymers and blends) were analyzed by DMTA to  yield values of g lass  
tran s itio n  tem peratures, Tg (taken from LogE"MAX, and (tan 6)MAX). While previously 
using a commercial cure cycle, the homopolymer of (2 i) had displayed the 
behaviour of a p a rtia lly -cu red  m aterial (showing no d e fin ite  Tg and required 
repeated cycling to  achieve a f in a l Tg of -  350 °C), in th is  case a f te r  
copolymerization with two separa te  b is-maleimides, M s-4- (3-maleimidophenoxy 
phenyl)sulphone (2) and Ms(4-maleimidophenyl)methane (JO), the cure cycle had 
effected  fu ll  cure of the copolymers (indicating i t  is  believed th a t an 
'ene*/Die Is-Alder coreaction had occurred between the a lly l and maleimide 
groups). In the remaining blends suggestions of both copolymerization (i.e., 
chemically linked in te rp en e tra tin g  network formation) and only blending 
(in terpenetra ting  network formation) with no chemical in te rac tion  were found.
Heteronuclear nmr techniques (13C and 15N) were employed to  determine 
whether co-reaction had occurred between monomers within blends. A 13C nmr 
study appeared to  confirm the findings of the above measurement of dynamic 
properties for the copolymer of a lly l cyanates and maleimides (i.e., th a t a 
chemical in teraction  had occurred to  ra ise  the Tg using the standard  cure 
schedule by incorporation of the maleimide). Model compounds (N-phenylmaleimide 
(i)  and l-ally l-2-cyanatidobenzene (20)) were coreacted and then analyzed by 13C 
nmr. The appearance of new chemical s h if ts  corresponding to  non-equivalent 
carbonyl, alicyclic , and a lip h a tic  carbon atoms in a proposed propenylphenyl 
interm ediate appeared to  confirm the observations made in an e a r le r  l i te ra tu re  
study of the commercial Matrimid 5292 resin . The current findings suggest th a t 
the co-reaction of a lly l cyanates and maleimides may proceed in the following 
manner: the predominant reaction  is  the cyclotrim erization of the cyanate e s te r  
to  form the corresponding triaz in e  (which proceeds qu ite  readily). However, th is  
reaction  is  also  accompanied by small amounts of homopolymerization of the
maleimide component. Simultaneously, in small q u an titie s  (for the reaction  
requ ires high tem perature to  proceed), the a lly l and maleimide functional groups 
are believed to  coreact via an ‘ene* reaction  mechanism in which the 
propenylphenyl interm ediate is  formed p rio r to  fu rth e r reaction  via a D iels- 
Alder mechanism and fu r th e r 'ene’/Diels-Alder co-reactions.
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Similar ly, 15N nmr was employed to  asce rta in  the existence of the proposed 
co-reaction between the cyanate and maleimide groups, suggested by M itsubishi 
Gas Chemical Corporation to  form the basis of th e ir  BT-resin. Model compounds, 
Af-phenylmaleimide (1) and 2-phenyl-2- (4-cyanatidophenyl)isopropylidene (6), were 
co-reacted using conditions suggested for the d ifunctional analogues in the 
commercial m aterial. However, a f te r  analysis of the reaction  mixture by 15N nmr 
i t  was found th a t the spectrum was fa r too simple to  be consisten t with the 
proposed reaction  mechanism (in which imidazole compounds were suggested to  
ex ist containing two or more non-equivalent n itrogen atoms). The spectrum 
showed only the presence of the corresponding s - tr ia z in e  and unreacted cyanate
and maleimide, suggesting th a t the BT-resin is  basically  made up of two
d iscre te  res in  networks in the case of d ifunctional m ateria ls  which are 
interwoven ra th e r than chemically bound.
Suggestions for Future Work in this Area of the Research
1. The cyclotrim erization of cyanate e s te rs  to  form an s - tr ia z in e  ring has
long been known and a reaction  mechanism has been proposed for i t s
formation. However, to  date no work has been carried  out to  confirm 
whether th is  postu la ted  mechanism of a step-w ise cycloaddition is  the
correct one. I t  is  possible to  observe the reaction  proceeding by dynamic
DSC (the traces  display several exotherms), and i t  might a lso  be possible 
to  quench the cyanate e s te r/c o -c a ta ly s t blend a t selec ted  tem peratures, at 
which i t  is  hoped to  monitor p a rticu la r s tag es  of th is  supposedly stepw ise 
reaction. The use of an aly tica l and preparative-HPLC might be successfu l in 
iso la ting  the interm ediate dimeric species. C haracterization of th is  
interm ediate by FT-IR, mass spectrom etry, *H, 13C, and 15N nmr would
demonstrate the v a lid ity  of the proposed mechanism. FT-IR/heteronuclear
nmr stud ies of the reaction  mixture a t various s tag es  of the DSC
thermogram might a lso  c la rify  which processes are responsible fo r the
exotherms preceding the main polymerization exotherm.
2. The copolymerization of 2 ,2 '-b is(3-ally l-4-cyanatidophenyl)isopropylidene
(21) with two bis-maleimides via i t  is  thought an 'ene '/D iels- Alder
mechanism resu lted  in a Tg th a t showed a marked increase in th a t recorded 
for e ith e r of the two co-monomers using the standard cure schedule. I t  is  
proposed to  extensively te s t  the physico-mechanical p ro p e rtie s  (impact
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resistance, water absorption, res is tan ce  to  halogenated hydrocarbon 
solvents, peel streng th , flammability, etc.) of both the cured neat resin  
and composite p roperties  of the M s-m aleim ide/allyl cyanate e s te r  
copolymer. I t  is  fu rth e r proposed to  synthesize a range of analogous ' 
compounds j containing d iffe ren t bridging linkages (e.#., sulphone, sulphide, 
ether, hexafluoroisopropylidene, methylene, etc.) and functional groups 
( te tra -a lly l, dipropenyl, te tra-propenyl, etc.). The novel functionalized 
cyanate e s te r  and i t s  analogues would then be copolymerized with a range 
of ary l b is -maleimides under sim ilar cure conditions.
3. In the course of th is  research i t  was noted th a t a blend of the components 
which make up the commercial toughened Ms-maleimide re s in  Matrimid 5292, 
appeared to  su ffe r  from excessive void formation during cure, I t  was 
postu lated  in the lig h t of e a r lie r  FT-IR s tu d ies  made on 2 ,2 '-b is (3 -a lly l-  
4-hydroxyphenyl)isopropylidene (see Volume 1) th a t intram olecular 
hydrogen-bonding such as th a t believed to  ex ist in a lly l-  and propenyl- 
su b stitu ted  phenols was also  present in th is  m aterial. I f  th is  is  indeed 
the case (the hydrogen-bond would be formed between the Ti-system of the 
a lly l goup and the hydrogen atom of the phenol) then th is  would probably 
reduce the re a c tiv ity  of the monomer to  catalyze the ‘ene’/D iels-A lder 
reaction  (resu lting  in unreacted monomer present in the gelling  network, 
which would v o la tiliz e  to  form voids). I t  might be possible to  analyze the 
Matrimid 5292 prepolymer by dynamic DSC and evaluate i t s  reaction  k ine tics  
in the same manner as presented in th is  thesis . An analogous commercial 
m aterial, lacking the hydroxyl functionality , would then be co-reacted  with 
the bis-maleimide and i t s  k inetics also  derived from the DSC data. I t  would 
in th is  way be hoped to  asce rta in  whether the two blends d if fe r  in 
reac tiv ity , and hence whether the proximity of the a lly l and hydroxyl 
fun c tio n a litie s  contributes to  th is  difference.
4. Solution 15N nmr has already been demonstrated in the course of th is  work 
to  produce q u an tita tiv e  re s u lts  in the study of the cyclo trim erization  
reaction of severa l a ry l cyanates. A recent study by Fang proposed a 
prediction of the molecular weight of non-linear polymers using 13C nmr, 
and i t  might be possible to  apply a sim ilar approach to  the aspartim ide 
cure reaction using 15N nmr (th is  would be incorporated with FT-IR s tu d ie s  
of the extent of cure as made on aspartim ides and bis-maleimides by Tung, 
Di Guilio e t al, and S iesle r e t a l) .
Solid s ta te  nmr is  a burgeoning area of research th a t has to  date not yet 
been fu lly  u tiliz ed  in the monitoring of cure reactions. Owing to  the 
insoluble, in fusib le  nature  of the thermoset products produced in these 
stud ies, so lid  s ta te  nmr s tu d ies  (and in p a rticu la r 15N nmr due to  the 
inherent sim plicity  of the spectra) of the curing reactions of not only
cyanates, but also  aspartim ide and b is -maleimide curing reactions seems
a ttra c tiv e . The application of so lu tion  15N nmr in q u an tita tiv e  s tu d ies  has 
already been demonstrated in th is  work, and i t  is  proposed to  extend th is  
study in to  the so lid  s ta te  field .
In the course of th is  research, the time availab le allowed only an analysis 
of the thermal s ta b i l i ty  of the polymers and copolymers by dynamic TGA. I t  
would be of in te re s t to  carry out fu rth e r s tu d ies  on a number of aspects 
of thermal and therm o-oxidative s ta b i l i ty  in the (co)polymers produced, for 
i t  is  well known th a t rev ersa ls  in observed thermal s ta b i l i t ie s  can be 
obtained for some compounds when using isotherm al ra th e r than dynamic
TGA. In the lig h t of the recent work carried  out by Greenfield, the
v o la tili ty  of the cyanate e s te r  monomers and th e ir  copolymer blends (prior 
to  cure) as measured by TGA would also  be of g rea t in te re s t.
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Table A.l Summary of the Characteristics of Monomers, Blends, Polymers and
Copolymers Assessed in this Work
Monomer DMTA
Tm LOgE' MAX t  an6MAx To
C O  CC) CC) (°C)
15cs 130-161 - - 236
15ds 105-115 - - 218
15es 75- 90 - - 251
9 181-183 218 242 425
10 157-158 - - 430
11 140-165 319 344 268
12 140-166 320 344 283
13 125-140 320 345 319
14 137-140 308 340 300
15a 150-158 - - -
15b 145-158 - - -
15c 135-140 261 279 322
15d 135-140 249 260 231
15e 135-140 243 256 311
15f 135-140 213 234 286
16 125-133 204 250 343
17 130-160 233 266 314
16 160-175 239 265 330
6 - - - -
20 - - - -
4 /4b 79 272 286 341
5 106 - - 320
21 48-49 >350 >350 347
TGA DSC
T„AX (dW/dt )„ax Yc AH E InA n
CC) (%/min. > <%) (J /g )
384 0. 62 36
(kj/m ole)
348 0. 62 18 - - - -
356 0. 60 35 - - - -
386
484
0. 60 
3. 64 56 161 _
474 2. 39 38 152 - - -
408 0. 50 44 - - - -
413 0. 50 43 - - - -
419 0. 44 44 - - . - -
420 0. 47 42 - - - -
- - - 253 - - -
- - - 242 - - -
392 0. 53 25 202 151 29. 5 2
391 0. 48 39 186 144 28. 2 2
361 0. 55 37 182 149 29. 3 2
354 0. 56 26 156 148 29. 1 2
388 1. 04 38 85 121 22. 7 2
386 0. 82 37 - - - -
400 0. 87 44 - - - -
- - - 410 56 45. 7 1
- - - 723 84 25. 5 1
393 2. 57 46 755 56 32. 0 1
393 1. 28 39 639 50 - -
392 2. 84 33 620 90 25. 8 1
10*21 - 343 364 — ■ — -  - -  -  -  -
4*21 255 287 - - - _ ■
4*10 248 330 390 1.23 41 -  -
2*21 296, 350 353 328 398 1.66 26 _
7*10 - 269,327 292 319 402 1.64 29
Note: where T„ is  the fusion tem perature CC), LogE"MAX is the  maximum loss
modulus peak(s) a tta in ed  CC) a f te r  fu l l  cure, tan6„AX is  the maximum tan5 
peak(s) a tta ined  CC) a f te r  fu l l  cure, T0 is  the onset of degradation CC) as 
denoted by the tem perature a t which a weight loss of 1% is  a tta ined , T„AX is  
tem perature CC) a t which the maximum ra te  of weight loss is  recorded, 
(dW/dt )MAX is  the maximum ra te  of weight loss (%/minute), Yc is  the re s id u a l 
weight (%) remaining a t 800 °C, AH is  the therm al polymerization enthalpy (J/g of 
adduct or monomer), E is  the apparent activation  energy fo r the therm al 
polymerization (kJ/mole), inA is  the pre-exponential facto r, and n is  the 
reaction  order of the thermal polymerization.
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Table A.2 Thermal Behaviour of some reported Aspartimides 
BMI D AH <J/g> E OCJ/mole) InA Ref.
E B 186 - - 247
E A 191 - - 247
E D 127 - - 247
E C 196 - - 247
E F 170 - - 247
E G 123 - - 247
A B 19 - - 248
65 128 25. 5 248
A D 99,113 - - 181
A A 37,31 - - 248
A C 144 - - 248
A G 26 - - 248
A F 95 - - 248
C B 36 145 29.1 181
D B 90, 95, 98 168,212 - 246
31 159 31. 7 181
D A 87,121 74. 16 - 246
36, 15 - - 250
D D 116,121,137 75. 04, 96 - 246
D C 110,139,142 124 - 246
D F 163,183,219 65. 49, 93 - 246
D G 96,130,172 54, 110 - 246
B A 33, 30 - - 248
97 124 - 227
B B 33, 24 - - 248
52 135 24. 4 181
B C 158,152 - - 248
B D 261, 260, 214, 224, 263 - - 250
B G 34 - - 248
B F 100/119 - - 248
S/D A 158,181,150,152,165,117 - - 250
)/B A 239,202,181,178 - - 250
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Table A. 3 Thermal S ta b il ity  o f some reported Poly(aspartim ides) in  nitrogen
3 MI Diamine IDT
<*C>
tmax
CC)
Yc
<%>
Ref
E B 378 409,515 58 247
E A 371 412,514 58 247
E D 380 407,510 66 247
E C 382 401,507 65 247
E F 374 402,513 61 247
E G 383 412,521 58 247
A A 388 414 45 248
378 434 41 248
A B 373 511 45 248
A G 392 417 48 248
345 410 53 241
352 420 56 241
340 400 59 241
A F 373 396,511 61 248
B A 420 458 55 243
373 433 43 250
385 437 43 250
373 433 43 248
B B 372 424 49 248
B D 472 487 48 250
495 508 51 250
B C 418 502 51 248
400 431 48 248
B E 420 457 57 243
B H 420 450 53 243
B F 420 475 53 243
363 400,520 59 248
B G 390 420 46 248
D B 384 430 44 246
D A 381 420 45 246
D D 406 435 43 246
D C 397 421 43 246
-264-
D F 372 404 60 246
D E 383 415 42 246
D A 384 432 46 250
381 418 44 250
B/D A 444 469 50 250
B/A D 417 445 51 250
D/B A 469 489 51 250
409 447 49 250
IDT represen ts the tem perature a t which a weight loss of :
in i t ia l  weight was recorded; TMftX rep resen ts  the tem perature a t which the 
maximum ra te  of weight loss was recorded; Yc is  the char yield (residual weight) 
remaining a t 800 °C.
NEC-0 0-C5N CH O-CSNNSC-0
-265-
(4) (5)
O-CsNNEC-0
( T )
NSC-0 O-CSN
( L )
nec-o - ^  / /
ch3
O ?H3_
c “ ° “ 4  / /
ch3
?H3/=O-U C“u ^ — O-CSN
ch3
(C )
NSC-01 ^  // v\ / •O-CSN
(0)
(RTX366)
Scheme 3 s tru c tu re  Designations Refer to  Tables A.4 and A.5
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Table A. 4 Thermal Behaviour of Some Reported Cyanate E s te rs  and Cyanate
E s te r-C o n ta in in g  Blends
Cyanate Monomer 
o r  blend
AH
<J/g)
AH
(kJ/mole OCN)
E
(KJ/mole)
n Ref.
Phenylcyanate 987 118 _. . 33,187
(4) 854 119 - - 33, 187
721 100 - - 212
666t 93 - - 212
729 101 - - 213
641t 89 - - 105
790 110 80. 0 1. 00 23, 24
RTX366 506t 100 56. 1 1. 87 217
485 96 79. 9 - 217
BT-resin 251 - - - 74
Narmco 5245C 389 — — — 206
Note: where t indicates catalyzed reaction ra the r  than thermal polymerization, 
compound (4) as designated in th is  work indicates 2,2'-£>is(4- 
cyanatidophenyl)isopropylidene, RTX366 is  the commercial designation of the 
material i l lu s t ra te d  overleaf, BT-resin is  a commercial blend containing 5 is(4- 
maleimidophenyl)methane and 2,2'-bis(4-cyanatidophenyl)isopropylidene, Narmco 
5245C is a commercial blend containing an epoxy, a dicyanate e s te r  and a bis-  
maleimide.
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Table A.5 Thermal Stab ility  of some reported Poly (cyanurates) in Nitrogen
Cyanate IDT Yc Ref.
CC) <%)
(6) 375 7 50
(4) /  (6) 200 37-41 50
C >300 - 42
(4) 400 - 42
- 41 213
(5) - 48 213
T - 46 213
L - 43 213
(23) — 31 213
Note: where IDT i s  th e  onset tem perature  of degrada tion  (the  tem pera tu re  at 
which a weight lo s s  10% below th e  i n i t i a l  s t a t e  in  recorded); Yc i s  the  
r e s id u a l  weight remaining a t 700°C; Ref. r e f e r s  to  th e  source of th e  data, 
compound (4) as designa ted  in  t h i s  work r e f e r s  to  2 , 2 ' - b i s ( 4 -  
cyana tidophenyl)isopropylidene ; compound (5) to  4 , 4 ' - b i s ( 3 , 5-d im ethy l-4 -  
cyanatidophenyl)methane; and compound (6) to  2 -pheny l-2 -(4 -cyana tidopheny l)  
isopropylidene . The d e s ig n a tio n  T r e f e r s  to  M s(4-cyanatidopheny l)  su lph ide , 
and C denotes the  a, m -oligocarbonate  d icyanate , compound (23) r e f e r s  to  th e  
commercial r e s in  XU71787.02L i l l u s t r a t e d .
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Table A. 6 Thermal S ta b il ity  of some reported Blends/Copolymers in  Nitrogen
Blend IDT Yc Ref.
CC> <%)
TGMDA-DDS 260-340 31 213
BMI-MDA 400-420 48 213
BMI-DAB 360-400 29 213
Note: TGMDA-DDS i s an epoxy r e s in based on te t ra g ly c id y lm e th y le n e d ia n i l in e
and th e  cu ring  agent diaminodiphenylsulphone; BMI-MDA i s  a Kerimid 601-type 
r e s in  based on bi s -  (4-maleimidophenyl)methane and d iam inodiphenylan iline ; 
BMI-DAB i s  a Matrimid 5292-type r e s in  based on bi s -  (4-maleimidophenyl) 
methane and 2, 2 ' -b is (3 -a l ly l -4 -h y d ro x y p h e n y l) is o p ro p ly l id e n e .
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Table A.7 Dynamic Mechanical Behaviour of some reported Blends
Blend Tg (DMA) Tg (TMA) Tg (DSC) Ref.
CC) C O  CC)
TGMDA-DDS 246 210 213
238 - - 126,127
- 249 - 267
BMI-MDA 320 297 - 213
(4 ) /(M 289 - - 213
(4)/DGEBA - 196 - 212
Epoxy/BT-resin - 240 - 74
B M I/ally l-propenyl - 241->300 - 229
ddm- bmi/ pes- nh2 - - 185-235 124
XU292/Matrimid 5292 - 273-287 - 45, 46
285 - - 45,46
- 282 - 267
288 263 - 213
RD85-101/Matrimid 5292 285 297 — 47
Note: where TGMDA--DDS i s  an epoxy r e s in  based on
te trag ly c id y lm e th y len ed i a n i l in e and the curing agent
diaminodiphenylsulphone; BMI-MDA i s  a Kerimid 601-type r e s in  based on M s-
(4-maleimidophenyl)methane and d iam inodiphenylan iline ; XU292 or Matrimid 
5292-type r e s in  i s  based on M s-(4-maleimidophenyl)methane and 2 , 2 ' - M s ( 3 -  
a lly l-4 -h y d ro x y p h en y l) iso p ro p ly l id en e ,  (4 ) / (5 )  i s  a blend of 2 , 2 ' - M s ( 4 -  
cyana tidopheny l)isopropy lidene  and 4, 4 ' -M s(3 ,  5 -d im eth y l-4 -cy an a tid o p h en y l) 
methane, (4)/DGEBA i s  a blend of 2 , 2 ' -M 's(4 -cy an a tid o p h en y l) iso p ro p y lid en e  
and the  d ig ly c id y le th e r  of Bisphenol-A, DDM-BMI/PES-NH2 denotes a blend a 
Ms(4-maleimidophenyl)methane and am ine-term inated  po ly (e th e rsu lp h o n e)  
oligomers, B M I/ally l-propenyl i s  a blend of M s-m aleimides and a l l y l  and 
p ro p en y l-fu n c t io n a l iz e d  arom atics, RD85-101/Matrimid 5292 i s  a b lend of two 
M s-maleimides and 2, 2 ' -M s(3 -a l ly l-4 -h y d ro x y p h en y l) iso p ro p y l id e n e .
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Table A.8 Dynamic Mechanical Behaviour of Some Reported Poly (cyanurates)
Cyanate Tg (DMA) Tg (TMA) Ref.
CC) CC)
C 130 42
<4) 289 257 213
(5) 252 244 213
T 273 270 213
L 258 259 213
(25) 250 223 213
RTX366 192 — 105
Note: C denotes an am-oligocarbonatedicyanate of MW 736, (4) as designated in 
th is  work is  2,2'-ibis(4-cyanatidophenyl)isopropylidene, Similarly (5) is  4,4’-  
bis(3,5-dimethyl-4-cyanatidophenyl)methane, T denotes bis(4-
cyanatidophenyl)sulphide, L is  l,r-bis(4-cyanatidophenyl)methylidene, XU71787.02L 
is  the commercial material i l lu s t ra te d  in the previous Scheme, as is  RTX366.
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The title compound is monoclinic: a =  13.345(3), b =  11.393(2), c =  10.046(5)A , j6 =  
108.48(2)°, Z =  4, P 2 f c .  The structure was determined by direct methods, using Mo Kot dif­
fractometer data, and refined by full-matrix least squares to R =  0.045 for 1463 reflections. The 
structure shows a central tetrahedral carbon atom surrounded by two methyl and two phenylcya- 
nate groups. The geometry of the cyanate group compares well with that in 4-chloro-3,5-dimethyl- 
phenyl cyanate, the only example of an organic cyanate in the Cambridge Crystallographic data­
base (V.3). The intermolecular nitrile, C—N, distances were examined for evidence o f a possible 
dimerization interaction; no significant distances were found.
Introduction Experimental
When heated (with or without the presence of a catalyst) 
aryl cyanates undergo a cyclotrimerization reaction to 
form a /3-triazine-type ring structure. The heating of a 
di- or poly-functional cyanate monomer will lead to the 
formation of a network structure. A knowledge of the 
crystal structure of the aryl cyanate monomer, and in 
particular the cyanate functional group, may be of value 
in aiding the clarification of the reaction mechanism, 
and may help to predict, for example, the effect of sub­
stitution in the molecule. Although references concern­
ing aryl cyanates date back to the early 1960s (Grigat 
and Putter, 1964), until recently no pure materials were 
available for a structural determination. The existing 
synthetic procedure was subsequently improved (Coz- 
zens et al., 1987; Shimp, 1987), leading to the devel­
opment of a number of new commercial products.
department of Chemistry, University of Surrey, Guildford, Surrey, 
GU2 5XH, UK.
2 Materials and Structures Department, Royal Aerospace Establish­
ment, Famborough, Hampshire, GUM 6TD, UK.
All materials were reagent grade quality, pur­
chased commercially, and used without further purifi­
cation unless otherwise noted. The infrared spectrum 
was recorded with a Perkin-Elmer (Model 1750) Fou­
rier transform infrared spectrometer interfaced to a Per­
kin-Elmer (Model 7300) computer; the sample was 
presented as a KBr disk. The 'H-nmr spectrum was 
obtained at 298K using a Bruker (Model AC300) pulse 
Fourier transform nuclear magnetic resonance spec­
trometer operating at 300 MHz. Chemical shifts (6) are 
given in parts per million (ppm) with tetramethylsilane 
(TMS) as an internal standard. The melting point was 
determined using a Koffler hot-stage microscope, and is 
given uncorrected.
To prepare 2,2'-bis(4-cyanatophenyl)isopro- 
pylidene, a three-neck 100-ml flask fitted with a drop­
ping funnel, overhead stirrer, and thermometer was 
charged with 4,4'-isopropylidene diphenol (5.00 g, 21.9 
mmol), cyanogen bromide (4.87 g, 46 mmol), and 
freshly distilled acetone (50 ml). The flask was cooled 
to — 30°C, and freshly-distilled triethylamine (4.63 g,
285
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Table 1. Analytical data (calculated values in parentheses)
Compound %C %H %N
2,2 '-bis(4-cy anatopheny 1) 
isopropylidene 73.4(73.7) 5.1 (5.1) 10.1 (10.2)
Table 2. Crystal data
2,2-bis(4-cyanatophenyl)isopropylidene
Molecular formula C17H14N202
Mr 278.313
Crystal system Monoclinic
Space group P2,/c
a 13.345(3) A
b 11.393(2)
c 10.046(5)
0 108.48(2)°
V 1446(1) A 3
z 4
Dx 1.279 g em -1
F(000) 584
n(Mo Ka) . 0.79 cm-1
46 mmol) was added dropwise over 35 min to the vig­
orously stirred mixture, while the temperature was 
maintained at —25 to — 30°C, by immersion in a dewar 
flask containing an acetone/liquid nitrogen mixture. The 
reaction mixture was stirred for a further 1.5 hr while 
warming to room temperature, and the product isolated 
by slowly pouring the reaction mixture into stirred ice 
water (1000 ml), filtering, and washing until a neutral 
filtrate was obtained. After vacuum drying, the crude 
product was recrystallized twice from eyclohexane to
yield 4.88 g (80%) of the desired product, a white crys­
talline solid; m.p. 82-83°C.; Ftir (KBr) 3076, 3062, 
2980, 2877, 2271,2234, 1602,1594, 1501, 1464, 1410, 
1371, 1198, 1167, 1078, 1014, 840, 813, 793 cm-1 ; 
!H-nmr (D6-DMSO) 8 (ppm from TMS) 1.66 (s, 2 XMe, 
6H), 7.38 (s, Ar-H, 8H); microanalyses are given in 
Table 1. This aryl dicyanate had previously been pre­
pared and its cyclotrimerisation to form a cyanurate spe­
cies studied, but no stmctural data were reported 
(Cercena, 1984).
Cell determination and data collection on a crystal 
of approximate dimensions 0.42, 0.25, 0.20 mm were 
carried out on an Enraf Nonius CAD4 four-circle dif­
fractometer, using graphite monochromated Mo Ka 
radiation. A set of 25 reflections was collected over the 
angular range 8° - 12° to determine the unit cell. For the 
data collection, an co-20 scan over the range 1° <  0 
<24° was used (maximum scan speed —3.3° min-1 ; 
a maximum of 90 s for weak reflections). The total time 
for the data collection was 46 hr. One reflection 004 was 
monitored every hour of exposed x-ray time and showed 
no systematic variation. Mechanical stability of the 
crystal on the diffractometer was checked by measuring 
four orientation control reflections every 200 data.
The measured intensities were corrected for Lor- 
entz and polarization effects, and an empirical absorp­
tion correction was applied scans). The maximum 
and minimum absorption corrections were 0.974 and 
0.954, respectively. A total of 2551 reflections was col­
lected; after averaging the symmetry-equivalent reflec­
tions (/?INT =  2.3%) and the removal of systematic 
absences, it was reduced to 2265, of which 1463 (64%) 
had I  > 3 a (/) . The crystallographic data for the com­
pound are given in Table 2.
Fig. 1. Structure of the molecule with thermal ellipsoids at 50% probability.
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Structure determination and refinement
The structure was determined by the direct meth­
ods program m u l t a n  (Main et al., 1978). The calcu­
lated E  map revealed 19 atoms, and a further Fourier 
synthesis positioned the remaining two nitrogen atoms.
Isotropic refinement of the structure converged at R = 
0.11, with hydrogen atoms at calculated positions. The 
highest peak in a Fourier difference map was 0.4 e A “3. 
Application of the d if a b s  (Walker and Stuart, 1983) 
pseudo-empirical absorption correction and subsequent 
refinement reduced R to 0.093. A further 6 cycles of
Fig. 2. Stereodiagram of unit cell.
Table 3. Final positional and thermal parameters with esd’s in parentheses and Beq thermal parameters (A 2) (The Bcq values are calculated
according to the equation 4/3E/E/Bya,o/-.)a
Atom X y z B e  q t / ( U ) 17(2,2) 17(3,3) 17(1,2) 17(1,3) 17(2,3)
01 0.4603(2) 0.2298(2) 0.8706(2) 6.38(6) 0.070(1) 0.080(1) 0.076(1) 0.005(1) 0.001(1) 0.013(1)
02 0.8099(2) -0.4006(2) 1.4332(2) 6.39(5) 0.093(1) 0.063(1) 0.100(1) 0.001(1) 0.0493(9) 0.017(1)
N1 0.4179(3) 0.4326(3) 0.8198(4) 9.8(1) 0.158(3) 0.094(2) 0.094(2) -0.033(2) 0.001(2) -0 .022(2)
N2 0.9048(3) -0.5415(3) 1.3394(3) 8.29(9) 0.137(2) 0.063(2) 0.128(2) -0.002(2) 0.060(2) 0.006(2)
CIO 0.5478(2) 0.1996(3) 0.9918(3) 4.46(6) 0.047(1) 0.065(2) 0.054(1) 0.001(1) 0.011(1) 0.008(1)
C ll 0.5920(2) 0.0934(3) 0.9856(3) 4.67(7) 0.063(2) 0.059(2) 0.051(1) -0.003(1) 0.013(1) -0.003(1)
C12 0.6757(2) 0.0585(2) 1.0996(3) 4.35(6) 0.061(1) 0.051(1) 0.054(1) 0.005(1) 0.018(f) -0 .001(1)
C13 0.7156(2) 0.1293(2) 1.2172(2) 3.72(5) 0.050(1) 0.050(1) 0.047(1) -0.000(1) 0.0224(9) -0 .001(1)
C14 0.6674(2) 0.2366(3) 1.2164(3) 4.62(6) 0.062(1) 0.059(2) 0.057(1) 0.006(1) 0.021(1) -0 .009(1)
C15 0.5824(2) 0.2725(3) 1.1036(3) 5.10(7) 0.062(2) 0.062(2) 0.070(2) 0.016(1) 0.021(1) 0.002(1)
C16 0.8151(2) 0.0929(2) 1.3358(3) 4.05(6) 0.053(1) 0.054(1) 0.048(1) -0.000(1) 0.018(1) -0 .002(1)
C17 0.9102(2) 0.1330(3) 1.2921(3) 4.94(7) 0.057(1) 0.056(2) 0.075(2) -0.004(1) 0.020(1) 0.002(1)
C18 0.8223(3) 0.1550(3) 1.4739(3) 5.43(8) 0.076(2) 0.074(2) 0.052(1) 0.006(2) 0.014(1) -0 .008(1)
C19 0.8152(2) -0.0403(2) 1.3578(3) 3.80(6) 0.043(1) 0.057(1) 0.044(1) 0.004(1) 0.012(1) 0.005(1)
C20 0.8796(2) -0.1153(2) 1.3153(3) 4.33(6) 0.053(1) 0.058(2) 0.058(1) 0.002(1) 0.025(1) 0.002(1)
C21 0.8800(2) -0.2351(3) 1.3367(3) 4.61(6) 0.060(1) 0.054(2) 0.069(1) 0.006(1) 0.031(1) 0.004(1)
C22 0.8142(2) -0.2790(3) 1.4032(3) 4.64(6) 0.062(1) 0.056(1) 0.059(1) 0.001(1) 0.020(1) 0.011(1)
C23 0.7480(2) -0.2087(3) 1.4467(3) 6.05(7) 0.083(2) 0.073(2) 0.096(2) 0.004(2) 0.059(1) 0.016(2)
C24 0.7488(2) -0.0904(3) 1.4231(3) 5.61(7) 0.075(1) 0.069(2) 0.086(2) 0.013(1) 0.050(1) 0.008(1)
C25 0.4397(3) 0.3386(3) 0.8468(3) 6.14(8) 0.084(2) 0.082(2) 0.063(2) 0.017(2) 0.017(2) 0.016(2)
C26 0.8605(3) -0.4735(3) 1.3804(3) 5.62(8) 0.082(2) 0.055(2) 0.077(2) -0.003(2) 0.027(1) 0.003(1)
H18A 0.822 0.242 1.460
H18B 0.760 0.132 1.504
H18C 0.889 0.131 1.548
H17A 0.977 0.111 1.367
H17B 0.908 0.094 1.202
H17C 0.907 0.220 1.279
H12 0.709 -0 .0 2 0 1.097
H ll 0.565 0.042 0.901
H15 0.548 0.350 1.105
H14 0.694 0.290 1.299
H20 0.928 -0 .082 1.267
H21 0.927 -0 .2 8 8 1.304
H23 0.700 -0 .243 1.495
H24 0.700 -0 .0 3 9 1.454
“The hydrogen atoms were not refined and were allocated fixed temperature factors of B =  5.0 A 2. The form of the anisotropic thermal parameter 
-is exp [ - 2 t t 2 {h2a*2U( 1,1) + k2b*2U(2,2) +  l2c*2U(3,3) +  2hka*b*U(l,2) + 2hla*c*U(l,3) +  2klb*c*U(2,3)}]
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Table 4. Bond lengths/A and bond angles/deg with esd’s in parentheses
Atoml Atom2 Distance Atoml Atom2 Distance Atoml Atom2 Distance
01 CIO 1.435(3) C ll C12 1.380(3) C19 C20 1.372(4)
01 C25 1.275(4) C12 C13 1.389(3) C19 C24 1.382(4)
02 C22 1.423(4) C13 C14 1.379(4) C20 C21 1.380(4)
02 C26 1.285(4) C13 C16 1.532(3) C21 C22 1.355(4)
N1 C25 1.119(5) C14 C15 1.386(3) C22 C23 1.362(5)
N2 C26 1.128(5) C16 C17 1.537(4) C23 C24 1.368(5)
CIO C ll 1.356(4) C16 C18 1.532(4)
CIO C15 1.354(4) C16 C19 1.532(4)
Atoml Atom2 Atom3! Angle Atoml Atom2 Atom3 Angle Atoml Atom2 Atom3 Angle
CIO 01 C25 117.4(2) C13 C14 C15 121.7(2) C20 C19 C24 116.6(3)
C22 02 C26 118.6(3) CIO C15 C14 118.2(3) C19 C20 C21 122.6(3)
01 CIO C ll 115.1(2) C13 C16 C17 106.7(2) C20 C21 C22 118.0(3)
01 CIO C15 121.8(3) C13 C16 C18 111.6(2) 02 C22 C21 122.7(3)
C ll CIO C15 123.1(2) C13 C16 C19 109.9(2) 02 C22 C23 115.4(3)
CIO C ll C12 118.0(2) C17 C16 C18 107.5(2) C21 C22 C23 121.9(3)
C ll C12 C13 121.9(3) C17 C16 C19 111.8(2) C22 C23 C24 118.8(3)
C12 C13 C14 117.2(2) C18 C16 C19 109.3(2) C19 C24 C23 122.1(3)
C12 C13 C16 120.4(2) C16 C19 C20 123.0(3) 01 C25 N1 176.5(3)
C14 C13 C16 122.2(2) C16 C19 C24 120.4(3) 02 C26 N2 176.3(4)
anisotropic full-matrix least squares resulted in conver­
gence of the R  factor at 0.045 (Rw = 0.058) incorpo­
rating the weighting scheme:
w-1 = [a(F)]2 + [0.03 F f  + 3.0
All calculations were carried out using the Struc­
ture Determination Package (SDP) Plus V I.la  (Frenz, 
1983).
form of the cyanate. This dimer is formed through the 
lone pair on the nitrile nitrogen interacting with a nitrile 
carbon on another molecule as indicated below:
S -  € •
Ar-O-CsN:
Discussion
The structure of the molecule is shown in Fig. 1, 
and the arrangement of molecules in the unit cell in Fig. 
2. The positional and thermal parameters and the bond 
distances and angles are given in Tables 3 and 4.
Figure 1 shows the molecule as a central tetrahed­
ral carbon surrounded by two methyl, and two phenyl- 
cyanate groups. There is only one other example of an 
organic cyanate molecule in the Cambridge Crystallo­
graphic Database (CCD V.3) (Allen et al., 1979), 4- 
chloro-3,5-dimethyl-phenyl cyanate-two molecules in 
the asymmetric unit (Kutschabsky and Schrauber, 1973). 
A comparison of the geometry around the cyanate group 
for the molecule reported here and that listed in the CCD 
is given in Table 5. The geometries of both are in good 
agreement.
It has been suggested (Cercena, 1984) that a series 
of infrared bands observed in the C = N  region of solid 
cyanates are attributable to the ‘free’ cyanate and a dimer
From a search of intermolecular distances the 
shortest nitrile-nitrile N —C distance in adjacent mole­
cules is for N2—C26, 3.486A ; this compares with 
3.25 A for the sum of the van der Waals’ radii for N 
and C (Bondi, 1964). The N2—C26 distance is too long 
for a strong interaction and so provides no evidence for
Table 5. Comparison of the cyanate group geometry in 2,2'-bis(4- 
cyanatophenyl)isopropylidene, (I) and 4-chloro-3,5-dimethyl-phenyl 
cyanate, (II) (2 molecules in asymmetric unit) (esd’s for bond 
lengths and angles are not available in the Cambridge database.)
Oc—Cc= N c
Ca'"
(I) (II)
Ca—Oc (A ) 1.435(3) 1.423(4) 1.416 1.416
o c—Cc 1.275(4) 1.285(4) 1.272 1.268
Cc- N c 1.119(5) 1.128(5) 1.142 1.131
c a—o c—Cc (°) 117.4(2) 118.6(3) 118.2 118.3
Oc—Cc—Nc 176.5(3) 176.3(4) 174.9 173.5
Ca- O c- C c- N c 174.9(6) 159.9(5) 177.4 -1 3 7 .5
Structure of 2,2'-bis(4-cyanatophenyl)isopropylidene 289
the above dimerization in the crystalline state. The 
structure is composed of discrete molecules, there being 
no intermolecular distances in the structure less than 
3.3A .
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A  series of eight addition polyimides (aspartimides) were prepared in which the 
imide and amino groups were attached to the ends of aromatic residues 
containing two and four phenylene rings. The co-monomers (aromatic BMIs and 
aromatic diamines) were purified using column chromatography before being
fully characterised by FT-IR, NMR, and microanalysis. The thermally-induced 
Michael addition, and polymerisation of the blended co-monomers was 
monitored by dynamic DSC at a number of heating rates, and the kinetics o f the 
processes investigated. Additionally, the thermal and thermo-oxidative stabilities 
of the thermoset products of these aspartimides were evaluated by T G A  
Furthermore, DM TA was employed to test the physical properties of the neat 
resins.
EXPERIMENTAL
Dynamic DSC was performed at a range of heating rates (2, 5, 7, lOK/min) 
under nitrogen (40ml./min.) using a Dti Pont 910 calorimeter /  9900 thermal
analyser. TGA was carried out at 2°C./min. in nitrogen (40ml./min.) using a Du  
Pont 951 thermogravimetric analyser /  1090 thermal analyser. Polymer samples 
for TGA and microanalysis were prepared by heating the (co-) monomers at
10°C. to 250°C. under nitrogen, holding isothermally for 15 minutes, quenching 
and grinding finely. DM TA was carried out on neat resin samples using a 
Polymer Laboratories dynamic mechanical thermal analyser. Samples were
prepared from molten blends cured at 170°C., 200psi (overnight) and postcured
(wired between glass plates) at 210°C. (2 hours) and 230°C. (3 hours). The resin 
samples were oscillated in a 2-point flexural mode at a fixed frequency of 10Hz
while being scanned at 2°C./minute under nitrogen.
Synthesis
The BMIs were prepared by a synthetic route based on that first reported by
Searlel involving the reaction of an aromatic diamine with maleic anhydride to 
form the bis- maleamic acid with subsequent cyclisation to the maleimide. The 
monomers were then purified using column chromatography.
form the bis- maleamic acid with subsequent cyclisation to the maleimide. The 
. monomers were then purified using column chromatography.
Prepolymer Blend Preparation
The BMI and diamine were mixed under nitrogen in a boiling tube and gently 
heated using a thermostatted oil bath until fusion had just occurred. The blend 
was immediately quenched and ground with a mortar and pestle prior to use.
RESULTS AND DISCUSSION
Thermal Behaviour of Adducts and Prepolymer Blends
The DSC thermograms of the adducts prepared in solution were irreproducible 
and showed anomalous exo- or endothermic peaks. The data obtained from these 
adducts was not suitable for kinetic analysis, and the discrepancies were 
attributed to the presence of occluded solvent (DM F). In contrast, the DSC  
thermograms o f prepolymer blends o f (II) and (III) were all highly reproducible 
(see Figure 1 and Table 1) allowing kinetic analysis to be performed on the 
dynamic DSC results. The remaining prepolymer blends (IV-DC) were less 
suitable as the overlap of the preceding broad fusion endotherm with the 
polymerisation exotherm (indicating the onset of the Michael addition reaction 
directly after melting) prevented the determination of reaction enthalpy and 
hence kinetics analysis.
Kinetic Analysis of Dynamic DSC Data
H eat flow and temperature data were obtained through the DSC exothermic 
reaction peaks at a variety of heating rates. The data were analysed using the 
simple n'th-order kinetic m odel:
In (r) - n.ln (l-C 0=ln(A ) - E/RT (1)
where r is the rate of conversion, n is the order of reaction, of is the fractional 
conversion, A  is the pre-exponential parameter, E is the apparent activation 
energy, R  is the gas constant and T is the absolute temperature.
A  plot of the left-hand side of Equation(l) against 1/T for the correct value of n 
should be linear if the data are well-fitted to the model. The best-fit values of 
ln(A) and E may be found from the intercept and slope respectively obtained by 
a linear regression analysis. The analyses were carried out predominantly over the 
(5-90%), or in the case o f (III) the (10-90%) conversion range.
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For all samples of (II), irrespective of molar ratio or scan rate, the features of the 
plots were very similar, and only one typical example is shown (Figure 2). The 
data are displayed for three values of the reaction order n :1, 2, and 3. The 
second-order plot is a very close fit to linearity until ca. 90% conversion when a 
deviation from the straight line plot is observed and the apparent reaction order 
decreases dramatically. At this point it may be assumed that the reaction becomes 
controlled by physical diffusion processes. The kinetics of the 
homopolymerisation of a number of HPLC-pure BMIs have already been studied
in some d e p th ^  and consistently display more complex kinetics than those 
observed in the present work. Furthermore, the enthalpies obtained for these 
BMI homopolymerisations (ca. 85-112J/g) are less than the enthalpies recorded 
here (Table 1). These observations seem to confirm suggestions made by other
w o rk ers^  that the Michael addition reaction proceeds much more rapidly than 
the BMI/aspartimide copolymerisation and BMI homopolymerisation reactions.
Stenzenberger et a t  7 have reported similar enthalpies for analagous Michael
addition reactions, and an FT-IR study by DiGuilio et al. 8 concerning a 
commercial aspartimide Kerimid 601 reports that the Michael addition reaction is 
fast and goes almost to completion whereas after curing ca. 25% of the BMI 
double bonds remain intact. This would suggest that the kinetic data measured 
here is predominantly for the Michael addition reaction, as some BMI 
co/homopolymerisation does occur simultaneously. This would seem logical as 
the Michael addition would be expected to obey second order kinetics and to 
occurs largely before network formation and gelation.
Thermal Stability
The polymers of all o f the aspartimides (both prepolymer blends and adducts) 
were analysed for their thermal stabilities. As expected, the results (see Table 3) 
demonstrated the deleterious effects of solvent retention in polymers prepared 
using solvent methods. The solution adducts display much lower onset 
temperatures of degradation; lower char yields and greater values o f the 
maximum rate of weight loss than the analagous blends. This is shown in Figure 3, 
a composite plot of a representative sample from each of the four groups 
prepared.
Mechanical Properties of the Resin Samples
It is generally accepted that the Tg of networks is determined by a combination
of cross-link density and the rigidity/polarity of the chain segments between cross­
links. However, to date there have been few attempts to undertake a systematic 
study to investigate the relative importance of these factors. In this study, 
measurements were made of storage and loss moduli and tan 6  for neat resin 
samples of each of the series of eight prepolymer blends. As expected the effect 
of increasing cross-link density was to increase the value of Tg. For samples o f (II)
3
(Figure 4) a linear relationship between Tg and the BMI content and hence cross­
link density was found (see Figure 5). Exchanging a D D E  or DDM  unit (segments 
A  and B, scheme 2) between the BMI or diamine had little effect on the Tg (see
Figure 6, shown for VI, VII, VIII, and IX). However, for the longer segments (C  
and D, scheme 2) the Tg was found to decrease as the flexibility of the segments
increased (see Figure 7, shown for III, IV, and V).
CONCLUSIONS
1. Preparation o f the adducts by reaction in solvent leads to severe problems in 
the characterisation, fabrication, and thermal stabilities of the polymers, due to 
the presence o f occluded solvent in the adducts.
2. For the melt blends the kinetics o f reaction are reproducible and follow a 
second order equation. This is consistent with the process being predominantly 
the Michael addition reaction which appears to be faster than the thermal 
polymerisation. Further studies are in progress to clarify this point.
3. The solvent-occluded polymers have significantly lower thermal stabilities 
than those obtained from the melt blend adducts. The most stable polymer group 
were those based on aiyl ether and methylene links and the most stable of these 
was prepared from DDM-BMI and DDE.
4. a) A  linear, positive correlation between Tg and crosslink density as 
determined by BMI content;
b) For a given crosslink density the Tg decreases as the flexibility of the
chain segments increases.
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Table 1. Thermal Behaviour of the Prepolymer Blends II 
and III
Blend Molar Scan Rate Heat of Reaction (AH) 
Ratio (K/min) (J/g) (J/g BMI) (kJ/mole BMI)
II 1.67 10 211.6
7 201.1
5 201.8
2 193.5
Mean 202.0 126.3 45.2
II 1.33 10 190.5
7 187.4
5 178.5
2 187.1
Mean 185.9 106.1 38.0
II 1.25 10 185.1
7 183.1
5 178.5
2 181.7
Mean 182.1 101.2 36.3
II 1.00 10 160.4
7 155.6
5 162.3
2 156.8
Mean 158.8 79.4 28.5
III 1.33 10 106.9
7 96.3
5 64.7
2 71.1
Mean 84.8 48.4 28.7
Parameters for Prepolymer Blends II and III
Blend Molar Scan rate E In A
Ratio (K/min) (kJ/mole)
II 1.67 10 161 31.6
7 161 32.0
5 148 28.9
2 132 25.6
Mean 151 29.5
II 1.33 10 150 29.3
7 143 27.6
5 150 29.8
2 133 26.0
Mean 144 28.2
II 1.25 10 153 29.9
7 159 31.4
5 149 29.4
2 136 26.5
Mean .149 29.3
II 1.00 10 153 30.0
7 153 30.3
5 153 30.4
2 131 25.6
Mean 148 29.1
III 1.33 10 126 23.7
7 123 23.3
5 117 21.8
2 117 21.8
Mean 121 22.7
Note: For Blend II kinetic parameters were obtained in the conversion 
range 5-90%, and for III in the range 10-90%.
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Table 4. DynamicMechanical Properties for the 
Prepolymer Blends (and DDM-BMI) at 2K/min., 10Hz.
PolymerMolar LogE'Vnax (°C)Tan 6  max (°C.)
from Ratio 1 2 1 2
II 1.67 261 - 279 -
1.33 249 - 260 -
1.25 242.5 - 256 -
1.00 212.5 - 233.5 -
III 1.33 204 - 250 -
IV 1.33 195 233 195 265.5
V 1.33 239 - 265 -
VI 1.67 279 318.5 280 343.5
VII 1.67 235 320 290 344
VIII 1.67 280.5 320 280 345
IX 1.67 275 307.5 280 339.5
DDM-BMI 218 430 241.5 408.5
Note: The samples were cured overnight at 170°C ., 
200psi; 1 hr at 200OC.; 2hr at 230 oc.
The temperatures quoted as (1) are the result of the initial 
DMTA temperature scan, while an entry under (2) 
indicates that the sample underwent further curing in the 
DMTA while being scanned and the final value is given.
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Figure 1. DSC scans of prepolymer blend (II) at lOK/min.
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A COMPARATIVE STUDY OF THE THERMAL BEHAVIOUR OF SOME 
ARYL B/S-M ALEIM IDES AND tf/S-CITRACO NIM IDES
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SUM M ARY
Two aryl to-maleimides (BMIs) and the corresponding Z?/s-citraconimides (BCIs), 
in which the imide groups were attached to the ends of aromatic residues containing four 
phenylene rings, were prepared and then purified by preparative HPLC. Rigorous 
purification was found to have marked effects on the thermal polymerization characteristics 
of these compounds. Examination by differential scanning calorimetry (DSC) o f the thermal 
cure indicates that the pure BMIs polymerize at lower temperatures than the corresponding 
BCIs. Bfs-(4-maleimidophenyl)methane and 6/.s-(4-maleimidophenyl)ether were included 
for comparison. A second reaction occurs after polymerization of the pure BMIs has 
stopped which appears from Fourier transform infra-red (FT-IR) to involve residual 
maleimido groups. Polymerization kinetics derived from scanning and isothermal DSC 
measurements showed an order of reaction varying between one and three up to about 60% 
conversion. In general, apparent reaction order increases with decreasing purity.
INTRODUCTION
Addition cured polyimides prepared by thermal polymerization of unsaturated bis- 
imides with the general structures I and II have been examined widely as potential 
replacements for epoxy resins (refs. 1-4). The network polymerization of the monomers 
were investigated by differential scanning calorimetry (DSC) and Fourier transform infra­
red spectroscopy (FT-IR). Most commercial resins (ref. 5) are based on b is-{4- 
maleimidophenyl)methane and have melting points greater than 150°C and close to the 
temperature at which thermal polymerization starts (ref. 3), so that typical DSC scans for 
these monomers show a sharp melting endotherm quickly followed by a broad exothermic 
reaction peak due to polymerization and cross-linking. The close proximity of the melting 
and polymerization temperatures may lead to difficulties in using the DSC technique (ref. 6) 
for investigating the kinetics of polymerization of these compounds and can cause problems 
in their use as monomers for composites. Hence, it was of interest to find BMIs with 
melting points below 100°C, which were expected to show a substantial temperature gap 
between melting and the start of polymerization. We also wanted to examine monomers 
containing a high proportion of phenylene to maleimide residues in the hope of obtaining 
cross-linked resins of improved thermal and oxidative stability.
Another way of increasing the temperature gap between melting and polymerization 
is to increase the temperature of polymerization onset. The temperature at which the
exothermic heat flow in the calorimeter reaches a maximum, Tmax< during the 
polymerization is often taken as a measure of polymerization reactivity, the lower Tmax, the 
higher the reactivity. The criterion must be used with care for with reactive monomers of 
high melting point the value of Tmax is set by the monomer's melting point rather than by its 
reactivity. Several authors report (refs. 2, 7-10) Tmax values for BMIs greater than those 
found for the corresponding BCIs, indicating that the BCIs are the more reactive. This is 
surprising since methyl substituted vinyl monomers usually polymerize by free radical 
mechanisms less readily than their unsubstituted analogues (ref. 11). As the melting points 
of the two types of compound are similar, N-pheny-lmaleimide mp = 91°C and N- 
phenylcitraconimide mp = 98°C, BCIs should show a larger temperature gap between 
melting and polymerization than the corresponding BMIs.
Two BMIs, structures (1) and (2), two BCIs, (5) and (6), in which the imide 
groups are attached to the ends of aromatic residues with the four-ring structures, A and B, 
and two common BMIs with the two-ring structures C and D were purified by preparative
effects on their thermal polymerization characteristics as indicated by DSC measurements. 
Structures (1) and (2) have been mentioned previously (refs. 12, 13), but little analytical 
data were presented and no attempt at purification made.
O O O O
O O O O
I n
A
B
C D
(1) = I, A; (2) = I, B; (3) = I, C; (4) = I, D; (5) = II, A; (6) = II, B
HPLC. The materials were purified for kinetic studies and it was found that this had marked
EXPERIMENTAL
Fusion temperatures were measured using a Koffler hot-stage microscope. Infrared 
spectra were recorded with a Perkin-Elmer 1750 FT-IR spectrometer interfaced with a 
Perkin-Elmer 7300 computer; the samples were presented as KBr disks. DSC was 
performed at 10°C/minute in nitrogen using a Du Pont 910 calorimeter interfaced with a Du 
Pont 9900 computer/thermal analyzer.
Monomer Synthesis
The BMIs (1) - (4) and BCIs (5) and (6) were prepared by a modification of 
Searle's method (ref. 14) in which the maleamic acids were obtained by treating the 
diamines with maleic anhydride, using ATV-dimethylformamide (DMF) as the solvent and 
then warming the maleamic acid solution with sodium acetate and acetic anhydride to effect 
cyclization. For the BCIs citraconic anhydride and a solvent of DMF and toluene were used 
and the citraconic acid mixture heated to reflux in the presence of p-toluenesulphonic acid as 
a cyclization catalyst. Purification of these compounds could not be effected by 
recrystallization or solvent washing but was achieved by preparative HPLC which gave 
samples of each monomer 99.8% pure. An isomeric mixed citraconimide-itaconimide 
(identified by differences in the FT-IR and ^ C  nmr spectra from those of (5) which 
indicated the presence of alicyclic >CH2 and =CH2  groups) was isolated by preparative 
HPLC.
RESULTS AND DISCUSSION
Microscopy and DSC were used to investigate the effect of purity on the thermal 
polymerization characteristics of the BMIs and BCIs. The all para -substituted BMI (1), and 
the corresponding BCI, (5), both show sharp DSC melting endotherms (Figure 1) at 
temperatures close to the melting points recorded using a hot-stage microscope. In contrast, 
the meta / para -substituted isomers, (2) and (6), show much smaller and more diffuse 
endotherms at temperatures about 10°C below their fusion temperatures measured by 
microscopy. Thus, (2) and (6) are much less crystalline than (1) and (5) (refs. 15, 16) and 
provide melts about 135°C below the melting points of the all para compounds. The low 
fusion temperature of (2) provides a substantial temperature gap between melting and 
polymerization leading to DSC scans for the pure monomer in which polymerization could 
be studied without interference from melting (Figure 1). This contrasts with the situation for 
pure (1) where fusion occurs at a much higher temperature so that melting and 
polymerization are simultaneous and in the DSC scans the peaks for these processes cannot 
be resolved. The DSC scan for the purest (99.9%) sample of the BMI (1) showed a sharp 
endothermic peak at 221°C corresponding to the melting point observed at 220°C using a 
hot-stage microscope, accompanied and followed immediately by a narrow exothermic peak
due to polymerization (Figure 1). The two peaks could not be resolved, showing that 
polymerization starts as the imide melts, and the narrow shape of the exotherm shows that 
polymerization then occurs very rapidly. This process appears complete by about 240°C, 
but a second, much more diffuse, exotherm starts at about 275°C and continues up to 
375°C.With the 96.5% pure monomer the DSC scan (Figure 2) showed a sharp melting 
endotherm quickly followed by a broad polymerization exotherm indicating a rate of cure 
much lower than that found for the pure monomer. Samples of intermediate purity gave 
scans similar in shape to that obtained with the 96.5% material, showing that small 
quantities of impurities can have a marked effect on the rate of polymerization.
Monomer (2) isolated by preparative HPLC (99.8%) showed a small, rather diffuse 
endotherm at 83°C about 10°C below the fusion temperature measured on a hot-stage 
microscope, followed by a polymerization exotherm running from about 125-200°C. 
Crude, 74.6% pure, monomer (2) isolated directly from the preparation, although molten 
below 100°C, required a temperature close to 2 2 0 °Cto initiate polymerization. DSC scans 
for samples of intermediate purity showed that although the behaviour of ( 1) was not quite 
so sensitive to impurities as (2 ), decrease in purity leads to an increase in the temperature at 
which polymerization starts in the DSC experiment and it is clear that the crude material 
from the monomer preparation contains a polymerization inhibitor.
In all cases of pure BMIs a second, more diffuse, exotherm was observed after the 
main polymerization peak appeared to be completed (Figure 1). These data were confirmed 
by rescanning experiments in which samples o f (1) and (2 ) were taken up to 250°C at 
10°C/minute, quenched, and then rescanned to 400°C. The rescans do not show the fusion 
and polymerization processes, confirming that these were completed in the scans to 250°C, 
but the second exotherms show up exactly as expected. Further rescans show no processes 
until thermal decomposition started at about 400°C indicating that the glass transition 
temperatures o f these resins are above their decomposition temperatures. 
Thermogravimetric analysis performed on polymers made by heating samples o f the pure 
monomers until the polymerization was complete, but before the second exothermic process 
had started, showed that there was no loss in weight after the second process had been 
completed (refs. 15, 17). FT-IR spectra on the products (e.g., for compound (3) in Figure 
3) obtained by heating to complete the second process, but avoiding thermal decomposition, 
showed a significant increase in the absorption at 2925 cm'1, attributed to saturated C-H, 
and small changes in the shape of the band at about 3100 cm' 1 assigned to unsaturated and 
aromatic C-H bonds. Absorption between 1190 and 1200 cm-1 increased giving a broad 
band in this region which is associated with the C-N-C vibrations in succinimides, 
indicating the appearance of succinimide rings different in structure from those introduced 
via the polymerizations (ref. 18).
The DSC scans for impure samples of (1) and (2) did not show a second exothermic 
process (Figure 2), although this could be because these peaks are covered by those due to 
the polymerization exotherms which are more diffuse and occur at higher temperatures than 
the corresponding peaks found in the scans for the pure monomers. However, 
measurement of the enthalpy o f polymerization for pure (99.8%) and impure (96.5%) 
samples of (2 ) give average values of AH of 63 ±  6  and 6 6  ±  8  kJ/mole respectively, which 
are the same within experimental error. The area of the second exotherms in the scans for 
pure (2) gave values for AH of 31 ± 2  kJ/mole. The average values for polymerization of 
the BMIs (1) - (4) (AH = 60 ±  7 kJ/mole) are close to that reported recently (ref. 19) for (3) 
(62.5 kJ/mole), but considerably less than twice those reported (ref. 20) for maleimide itself 
(AH = 89 kJ/mole) or maleic anhydride (AH = 60 kJ/mole). Thus, it appears that thermal 
polymerization of these BMIs does not go to completion. The FT-IR spectrum for polymer 
obtained by heating (3) until the end of the polymerization exotherm showed substantial 
absorption at 3110 cm-1 (see spectrum B, Figure 3) also indicating that polymerization does 
not go to completion. This is in line with the behaviour observed (ref. 21) for aliphatic 
BMIs where conversion was below 40% at 200°C and for Kerimid 601 polymerizations 
(ref. 18) where the residual concentration of maleimide double bonds dropped to a constant 
level, dependent on polymerization temperature, which was about 25% at 240°C. Cure to 
complete reaction for all these materials is not possible because conversion of liquified 
monomer to a highly cross-linked, glassy matrix, in which translational movement of 
unsaturated imide groups is restricted, occurs to such an extent that polymerization cannot 
proceed to completion within the time scale of the experiment. The second exotherm 
observed with pure samples of the four-BMIs investigated indicates an apparent second 
reaction which may not require large scale translational movement of maleimide groups. 
Comparison of the FT-IR spectra for polymer from (3) isolated at the end o f the 
polymerization exotherm (B) with that from polymer at the end of the second exotherm (C), 
Figure 3, shows that during the second reaction the concentration of maleimide is reduced 
and that of the alicyclic CH2  groups increases. Similar, but less well defined, changes were 
observed with BMIs (1), (2) and (4). All four compounds showed spectral changes 
between 1150 and 1 2 0 0  cm-1 which suggest that the reactions occurring during the second 
exotherms give rise to succinimide rings different from those formed during the 
polymerization. A possible reaction consistent with these data involves intramolecular attack 
of maleimide groups on the phenylene rings to which they are attached to give a bridged 
ring structure as indicated overleaf.
With impure monomer samples the second reaction does not occur, presumably 
because the inhibitors which increase the temperatures at which polymerization starts also 
raise the temperature required to start the second reaction to that where thermal 
decomposition becomes predominant.
X = OorCH 2
Average enthalpy values obtained for the BCIs (5) and (6 ) (AH = 8 6  kJ/mole) were 
greater than those found for the BMIs, although as the relatively low glass transition 
temperatures found for the BCIs (15,17) indicates a lower degree o f polymerization. 
However, the high temperatures required to effect polymerization of the BCIs leads to some 
decomposition, as indicated by the low carbon analyses found for these polymers, and this 
could inflate the AH values recorded for these polymerizations.
For the pure BCIs these high temperatures lead to substantial temperature gaps 
between fusion and polymerization, especially with (6 ) due to the low fusion temperature of 
this compound. Impurities in the BMIs (1) and (2) increase the temperature at which 
thermal polymerization starts, increasing the temperature gap between fusion and the start of 
polymerization. This effect was also found with Z?fr-(4-maleimidophenyl)methane and bis- 
(4-maleimidophenyl)ether, so that it could be of general concern. A significant gap between 
fusion and polymerization temperatures is important in some applications of BMIs and our 
data show that the use of impure monomers can be advantageous in this respect, as well as 
being less expensive. With the BCIs, (5) and (6 ), the situation is more complex as 
impurities reduced the polymerization temperature for (5), but had little effect with (6 ). The 
effect on (5) was so great that polymerization started immediately after melting, at a 
temperature below that found for impure samples of the corresponding BMI, (1). This 
inversion of relative reactivity by impurities may be relevant to earlier reports (refs. 2 ,7-10) 
that the polymerization of BCIs starts at lower temperatures than those found for the 
corresponding BMIs. BCIs are known (ref. 2 2 ) to polymerize readily on melting, so that 
the presence of the itaconimide-citraconimde as a major impurity in crude (5) may cause the 
enhanced reactivity of crude (5) over that for the pure compound.
K INETICS
A set of DSC scans obtained at 20°C/minute under nitrogen are shown in Figure 2. 
The linear baselines shown define the polymerization exotherms from which the resulting 
kinetics were derived, in the form of heat flow as a function of time and temperature. In 
order to interpret the data a simple n1*1 order model was used as a first approximation,
F (da/dt) = k (1 - a )n (1)
where n is the rate of reaction. The Arrhenius rate constant, k, is Aexp(-E/RT) where A is a 
constant and E is the apparent activation energy. In the log form of equation (1): 
ln(da/dt) - n.[ln(l - a)] is plotted versus 1/T(K_1) to yield -E/R in the slope and In A in the 
intercept of the linear regression line, for a sum value of n. The results of the analysis of the 
scans at 20°C/minute for BMIs and BCIs are given in Table I. These data demonstrate the 
effect of purity on the thermal behaviour of the BMIs, pure (2) has greater E and A than the 
96% pure material, while crude (96%) (1) and (2) display approximately the same E and A. 
The impurity in the meta -BMI (2) has a marked retarding effect on the overall 
polymerization kinetics.
TABLE I
Kinetics of polymerization from scanning (20°C/minute, a  = 5-50%) and isothermal (a  = 
5-50%) DSC data.
Scan Isothermal
Multiple Linear Regression Fixed Order
Material
n InA E
kJ/mol
n InA E
kJ/mol
T  range
(°C)
n E
kJ/m ol
t.96% 1 2 .6 25 .9 140 .3 2 20 .9 118.6 270 -290 2 66 .3
2,96% 1.4 9 5 .4 9 6 .0 2 19.0 111.7 300 -320 1.5 7 8 .6
2,pure2 2 .5 4 8 .7 185.1 2 42 .6 164.4 - - -
3,96%3 2 .5 5 4 .4 2 3 5 .4 2 4 8 .0 2 10 .7 - - -
4,96% 3 2 .8 32 .3 160 .9 2 25 .4 132.3 . - -
5,doped4 1.9 17.8 115.7 2 18.3 118.0 38 5 2-3 -
5,pure 1.4 17.9 121 .7 2 21 .9 141.9 375-395 1.5 147.1
6,pure 1.8 24 .5 151.8 2 26 .4 161.7 375-395 1 143.5
1 Not rigorously pure (approximately 96% pure by HPLC)
2 Pure (by HPLC)
3 10°C/minute heating rate
4  Pure with addition of 2% hydroquinone
Although dynamic DSC is often used for kinetic analysis it is complicated by the 
dependence of rate on two simultaneously changing variables (time and temperature). On 
the other hand analysis of isothermal data is simple and involves fewer theoretical 
assumptions. From isothermal data, plots of fractional conversion against reduced time 
(t/ti/2), at different temperatures should superimpose if the reaction mechanism is invariant 
with temperature. The solid line in Figure 4 shows the theoretical relationship for n = 2, and 
the symbols represent the experimental isothermal data for BMI (1) (96%) in the 
temperature range 270-290°C. From the isothermal data for the four compounds studied a 
plot of ln(da/dt) against 1/T at a  = 0.5 was constructed. These are shown in Figure 5 and
from the slopes the activation energies were derived and these are shown in Table 1. From 
Figure 5, it is clear that large differences in activation energies occur as a direct result of 
both sample purity and structure. In the case of BMI (2) the plot for the crude material is in 
a markedly higher temperature regime and has a significantly higher apparent activation 
energy, relative to the pure material. In a comparison of pure BMI (2) and BCI (6) the same 
relative effects on temperature and activation energy are observed, but to an even greater 
degree; the BMI displaying the lower activation energy and polymerization regime.
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Summary
Three aryl cyanates, together with the products of the cyclotrimerisation of the 
cyanates to form aryloxy-s-triazines, have been characterised by 13C and 15N n m r  
spectroscopy. A quantitative nmr technique is proposed which allows the 
monitoring of the conversion of both monofunctional and difunctional cyanates to 
the corresponding triazines. The results compare favourably with those obtained 
using Fourier transform infra-red spectroscopy (FTIR) and differential scanning 
calorimetry (DSC) techniques.
Introduction
Cyanate ester resins are, by virtue of their favourable properties (high Tg, good 
toughness, low moisture uptake and low overall cure shrinkage), becoming 
increasingly important in several technological areas such as the aeronautical, 
automotive and electronics industries. They are formed by a thermal 
cyclotrimerisation reaction which may be accelerated by transition metal catalysts 
such as the carboxylates of copper, cobalt or zinc and an active hydrogen donor 
such as an involatile phenol. The aryloxy-s-triazine ring structure so formed will 
then become part of a cross-linked polycyanurate network if the cyanate monomer 
is either d i- or poly-functional.
Several studies have been carried out on the homopolymerisation of aryl cyanates 
(1-4) and the most widely postulated mechanism for the stepwise formation of the 
cyclotrimer proposes that the metal catalyst coordinates to the cyanate molecules 
in such a way as to enhance the opportunity for forming the cyanurate ring. Ring 
closure can then proceed via an imidocarbonate intermediate (Scheme 1) or perhaps 
by an anion-initiated mechanism.
Although work on the synthesis of aryl cyanates has been the subject of several 
publications (5-7) it is only recently with improved synthetic procedures (8,1) that 
pure materials have become available (9). This has made possible several x-ray 
structure studies (10,11) as well as kinetic investigations of the thermal
polymerisations (11,12). In the latter area the experimental techniques used have 
usually been Fourier Transform infra-red spectroscopy (FTIR) (13,1) and 
differential scanning calorimetry (DSC) (14—16) both of which have certain
limitations. For the arylcyanates 1SN nmr spectroscopy offers an attractive
alternative as the low sensitivity of this nuclide is no longer a serious problem
given the improvements in magnet design that have taken place during the last 
decade (17) Furthermore the inherent simplicity of the spectra -  a single chemical 
shift signal for the cyanate monomer and two easily discernible signals in the 
partly converted mixture -  greatly simplifies the interpretation of the results.
The present study was therefore primarily undertaken to see whether 15N nmr 
spectroscopy could be used to monitor the degree of conversion of the cyanate 
monomer and to compare the results with those obtained using FTIR, DSC and 
t3C nmr spectroscopy. The task was simplified by the knowledge that the 15N nmr 
assignments had already been made for a number of alkyl and aryl cyanates
*To whom offprint requests should be sent
Scheme 1
(17,18,19) although the use of heteronuclear techniques, which could be of great use 
in monitoring the changing environment of the cyanate and triazine functional 
groups, has not as yet been fully explored. This research is not unrelated to a 
recent study which determined the molecular weight of non-linear polymers using 
l3C nmr spectroscopy (20). There remains the possibility of potential for 15N nmr 
in that context as well, and work continues to clarify this point (11).
Experimental
Infra-red spectra were recorded on a Perkin-Elmer 1750 FTIR spectrometer 
interfaced to a Perkin-Elmer 7300 computer; the samples were presented either as 
thin films or KBr discs.
Nuclear magnetic resonance spectra were recorded at 298K using a Bruker AC-300 
spectrometer operating at 75.5 MHz for l3C and 30.4 MHz for 15N. 13C spectra
were recorded in de-acetone solvent whilst samples for l5N nmr were dissolved in 
acetone prior to adding chromium (III) acetvlacetonate (at an approximate 
concentration of 15 mg per 0.02 mole of nitrogen) (17) so as to eliminate Nuclear 
Overhauser Effects and reduce relaxation times. Tne 13C nmr chemical shifts are 
reported relative to tetramethylsilane and the 15N nmr chemical shifts relative to 
external nitromethane. ^ C -1!! two dimensional correlation spectra were recorded 
using well established literature procedures.(21-23).
Differential scanning calorimetry was performed at 10'C/min under nitrogen (40 
ml/min) using a Du Pont 910 calorimeter interfaced to a Du Pont 9900 
computer/thermal analyser. Samples (2-3 mg) were run in sealed aluminium pans 
at a variety of heating rates. Where analysis of the prepolymers revealed a 
significant disparity in the baseline before and after the polymerisation exotherm, 
a sigmoidal baseline algorithm (developed in-house) (24) was used.
Three aryl cyanates (1-5) were used in the present study. The prepolymers of 2 
and S (2p,Sp) were used as supplied. The fully cured s-triazine product of the 
polymerisation of 2-phenyl-2-(4-cyanatophenyl)isopropylidene (1c) was prepared by 
heating 1 with a trace of AICI3 at 180'C under nitrogen for 45 min (8). The 
partially cured product (la) was prepared by heating 1 with a trace of AICI3 at 
180* C under nitrogen for 5 min; (16) was prepared by heating 1 (without catalyst) 
for 24 hrs (see Table 1).
Scheme 2 
Monomers studied in this work
Table 1: Nominal fractional conversions of the compounds studied
Compound Conversion Compound Conversion Compound Conversion
1 0 2 0 3 0
la 30 2p 30 Sp 30
lb 60
lc 100
Results
In the infra-red work a reference sample of each unreacted monomer (1-3) was 
analysed together with samples containing progressively larger fractions of reacted 
cyanate. The cyanate group displays a characteristic intense doublet centred at 
2230 and 2270 cm*1 (1) and these signals are reduced as the cyclotrimerisation 
reaction proceeds (while signals at 1565 and 1365 cm*1 corresponding to the triazine 
ring and cyanurate stretching vibrations increase). The intensity of the cyanate 
band at 2270 cm*1 is compared with a signal that is constant throughout the 
polymerisation e.g. the C-H stretching vibration of a methyl group at 2875 cm*1. 
The ratio of the intensities of the cyanate and the methyl group signals is then 
calculated for both the monomer and polymer. In each case baselines were drawn 
for the respective 2270 and 2875 cm*1 absorbance peaks and the peak heights 
measured. A normalised absorbance Y was obtained as the ratio of the absorbance 
height at 2270 cm*1 to the absorbance peak height at 2875 cm*1 for each spectrum. 
The percentage of unreacted cyanate remaining in the cured homopolymer was then 
calculated relative to the cyanate content of the monomer as a  = 1 -  (Yc/Ym) 
where Yc = normalised absorbance of the cured material and Ym =  normalised 
absorbance of the monomer. Figure 1 shows a series of partial infra-red spectra 
for progressively-cured samples o f 1.
In the DSC experiments the degree of conversion a is taken as a =  1 -  
(AHc/A Hm) where AHC = polymerisation enthalpy of cured material and AHm = 
polymerisation enthalpy of monomer. Typical thermograms are given in Figure 2.
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The 15N nmr spectra of all the partially cured materials are very simple, consisting 
of two well-separated signals, which under the experimental conditions, are directly 
proportional to the concentration of the species present in the mixture. The degree 
of conversion is given by a =  [1- Ic/(Ic + It)] where Ic is the cyanate signal 
intensity and It the triazine signal intensity. Figure 3 gives 15N nmr spectra of 
progressively-cured samples of 1.
The 13C nmr spectra are considerably more complex then the l5N nmr spectra and 
the proposed method for calculating the degree of conversion depended on selecting 
a carbon atom that does not particulate in the reaction mechanism and is present 
in both the monomer and partially (or entirely) cured product. In the case of 
compound 8 the methyl carbons (Cc, Ci, Cn and Cr) were chosen, and as can be 
seen in the 13C nmr spectrum of tne prepolymer (Figure 4) the methyl carbons are 
in sufficiently different environments as to appear as two discrete signals. 
Compounds 1 and 2 were treated in the same manner using methyl carbons Cg and 
Cn, and Cg and C0 respectively, as non-participating carbons. The degree of 
conversion a is then given by a =  [1- (Iram/(Imm + Imc)] where Imm is the intensity 
of the methyl carbon in the monomer and Irac the intensity of the methyl carbon in 
the cured material.
The l5N and l3C nmr chemical shifts of the three cyanate monomers, together with 
their assignments, are given in Table 2.
Table 2: Assignment of 13C and 15N nmr spectra of the cyanate monomers ( 1-3)
Compound 1 Compound 2 Compound S
Chemical
Shift
(ppm)
Assignment Chemical
Shift
(ppm)
Assignment Chemical
Shift
(ppm)
Assignment
151.86 c b 151.99 Cb,Ck 150.70 c b, c 0
150.71 c h 149.85 Ce.Ch 141.59 Cf, Ck
150.64 Ce 129.84 Cd,Ci,Cn,Cp 130.99 Ce,Cg,Ci,Cs
129.88 Cj,Ci 115.75 Cc,Cj,Cm,Cq 129.53 Cd,Ch,Cm,Cq
128.97 Cd,C0 109.43 Ca,Ci 110.96 Ca,Cp
127.38 c k 43.22 Cf 40.64 Cj
126.68 Ci, Cm 30.89 Cr,Co 15.40 Cc,Ci,Cn,Cr
115.56 Cc,Cp
109.53 Ca
43.35 Cf
30.94 Cg,Cn
-215.36 Na -214.98 '  Na,Ni -225.63 Na,Np
Discussion
The degrees of conversion (a) expressed as a percentage for both the 
monofunctional cyanate (1) and the two commercial dicyanates (2,8) as determined 
using the four different methods are presented in Table 3. With the possible 
exception of the l3C nmr results for compound 1, where the a values are lower 
than those determined by the other experimental methods, good agreement exists 
between the results obtained by FTIR, DSC, l5N nmr and l3C nmr spectroscopy. 
The inherent simplicity of the 15N nmr spectra may offer advantages over the
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corresponding l3C nmr spectroscopy method in cases where the latter spectra are 
more complex than in the current examples. The development of solid state nmr 
techniques may also be of assistance in cases where the polymers are very sparingly 
soluble.
Table 3: Degrees of conversion (a) for the three cyanates as determined by
different experimental methods
»N  NMR »C  NMR FTIR DSC
Sample 6
(ppm)
Int. o(%) 5
(ppm)
Int. o(%) Y c Y m ci%) AH
(J /g )
o(%)
1 -215.36 11.154 0 30.94 21.626 0 6.313 6.313 0 420.3 0
la -215.35
-180.60
11.025
5.680
34 30.90
31.10
8.435
3.670
30 4.040 6.313 36 273.2 35
lb -215.32
-180.84
5.884
11.238
66 30.89
31.11
3.701
5.291
59 2.175 6.313 66 128.6 68
1c -180.39 11.542 100 30.97
31.14
1.138
16.845
94 0.000 6.313 100. 3.2 99
2 -214.98 11.655 0 30.89 11.302 0 3.850 3.850 0 773.4 0
2p -215.19
-180.62
15.479
6.328
29 30.90
31.09
8.433
3.668
30 2.815 3.850 27 503.2 35
S -225.63 11.019 0 15.59 15.401 0 3.952 3.952 0 649.1 0
Sp -225.66
-183.10
11.048
3.458
24 15.57
16.28
16.030
5.087
24 2.723 3.952 31 493.5 24
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Addition of ethylene-co-vinyl acetate rubber 
during caprolactam polymerization: 
1. Synthesis and preliminary morphological 
characterization
B a r b a r a  Im m irz i ,  M a r i o  M a l i n c o n i c o  a n d  Ezio M a r t u s c e l l i *
/stituto di Ricerche su Tecnologia dei Polimeri e Reologia, C.N.R., Via Toiano 6,
80072 Arco Felice, Napoli, Italy
{Received 30 January 1989; revised 11 November 1989; accepted 18 July 1990)
Blends of polyamide-6 and ethylene-co-vinyl acetate (EVA) random copolymers were prepared by the 
addition of EVA during the hydrolytic polymerization of caprolactam: non-functionalized EVA copolymers 
and those functionalized by succinic anhydride were used. It was found that vinyl acetate groups influence 
the polymerization kinetics of caprolactam and the degree of dispersion of the rubber particles in the 
polyamide matrix. The results of infra-red, thermal and morphological analyses were interpreted on the 
basis of the formation of grafted (ethylene-co-vinyl acetate)-g-polyamide-6 molecules, even in the absence 
of grafted succinic anhydride molecules on the backbone chains of EVA.
(Keywords: polyamide-6; ethylene-co-vinyl acetate; hydrolytic polym erization; caprolactam ; synthesis; characterization)
INTRODUCTION
The toughening of polyamide-6 (PA6) by the addition of 
modified ethylene-propylene elastomers, (ethylene- 
propylene rubber)-g-succinic anhydride (EPR-g-SA), has 
been widely explored in our Institute. Two main routes, 
both based on reactive blending procedures, have been 
followed: (a) melt mixing of components1; (b) the 
formation of blends during caprolactam (CL) polymer­
ization2. This second route allows the one-step prepara­
tion of the blend. Simultaneously, the dispersion of the 
rubbery component may be relatively fine and the 
interfacial adhesion strong. The analysis of blends 
prepared by this ‘synthetic’ route shows that only, part 
of the functionalized rubber molecules are able to react, 
through the grafted succinic anhydride groups, with the 
amino end-groups of growing polyamide-6 chains, giving 
rise to the formation of (EPR-g-SA)-g-PA6 graft copoly­
mers2. Most of the functionalized groups segregate 
inside spherical rubber particles and have no chance to 
come into contact with the end-groups of the polyamide 
chains. The segregation can be ascribed to the apolar 
nature of the polyolefinic backbone, dispersed in a polar 
medium with growing polyamide chains.
This limitation cannot be overcome by increasing the 
content of grafted groups, as this will lead to a decrease 
in the mechanical properties of the resulting blend, 
because of extensive crosslinking of the matrix2 due to 
the high probability of reaction of the terminal groups 
of PA6 chains with functional groups grafted on the 
rubber.
Studies have been reported3,4 in which polar rubbers 
have been dissolved in molten CL followed by the anionic 
polymerization of the monomer to PA6. However, the
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nitrile rubbers used in these studies cannot be used in 
the hydrolytic polymerization of CL due to the high 
temperature (260°C) needed. Nevertheless, the principle 
of increasing the affinity between the polymerizing matrix 
and the dispersed phase by incorporating a polar rubber 
is rather interesting. Among the polar rubbers, only 
saturated polymers should be suitable for the hydrolytic 
polymerization of CL.
This paper describes an attempt to synthesize tough­
ened polyamide-6 by using saturated ethylene-co-vinyl 
acetate (EVA) random copolymers. Compared with the 
use of EPR copolymers2, EVA copolymers are expected 
to be more ‘miscible’ with CL oligomers, due to the 
presence of the vinyl acetate comonomer. Blends have 
been prepared using EVA copolymers with different vinyl 
acetate content, both non-functionalized and functional­
ized with a constant degree of grafting of succinic 
anhydride groups. The-blends were characterized by 
solvent extraction, infra-red analysis, calorimetry and 
scanning electron microscopy.
EXPERIMENTAL
Materials
The poly(ethylene-co-vinyl acetate) copolymers 
(EVA), kindly supplied by D uPont, are coded EVA20, 
EVA30 and EVA40. They contain respectively 20, 27.5 
and 42.5 wt% of vinyl acetate and were used as received. 
The acetate content was obtained by i.r. calibration on 
the 1720-1730 cm - 1 absorption of the carbonyl stretch.
Caprolactam (CL), aminocaproic acid (ACA), maleic 
anhydride (MA) and benzoyl peroxide (BPO) are Fluka 
analytical-grade products and were used without further 
purification.
The solvents used, when required, were purified 
according to standard procedures.
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biscitraconimides19, so that the formation of a citracon- 
imide/itaconimide such as X during the synthesis of a 
biscitraconimide is not surprising, although it appears 
not to have been reported previously.
Fusion and polymerization o f  the monomers
The all para substituted bismaleimide, IV, and the 
corresponding biscitraconimide, VI, both show sharp 
d.s.c. melting endotherms at temperatures close to the 
melting points recorded using a hot-stage microscope. In 
contrast, the meta, para substituted isomers, V and VII, 
show much smaller and more diffuse endotherms at 
temperatures about 10°C below their fusion temperatures 
measured by microscopy. Thus, V and VII are much less 
crystalline than IV and VI and provide melts about 135°C 
below the melting points of the all para compounds. This 
effect of meta substitution has been observed previously 
in other bismaleimides, e.g. bis-p-maleimidobenzene 
m.p. =  346-350°C with m.p. =  202°C for the meta 
isomer20, and m.p. =  246-250°C for bis-p-maleimido- 
phenylsulphone compared with m.p. =  203-205°C for the 
meta isomer21. The low fusion temperature of V provides 
a substantial temperature gap between melting and 
polymerization leading to d.s.c. scans for the pure 
monomer with which polymerization could be studied 
without interference from melting. This contrasts with 
the situation for pure IV where fusion occurs at a much 
higher temperature so that melting and polymerization 
are simultaneous and in the d.s.c. scans the peaks for 
these processes cannot be resolved. The high tempera­
tures required to initiate polymerization of the pure 
biscitraconimides, VI and VII, lead to substantial 
temperature gaps between fusion and polymerization, 
especially with VII due to the low fusion temperature of 
this compound. Both of the bisnadimides, VIII and IX, 
show substantial gaps between fusion and polymerization 
as the temperatures required for the reverse Diels-Alder 
reaction are well above the melting points of these 
compounds.
Impurities in the bismaleimides IV and V increase the 
temperature at which thermal polymerization starts, 
increasing the temperature gap between fusion and the 
start of polymerization. This effect was also found with 
bis-4-maleimidophenylmethane and with bis-4-male- 
imidophenyl ether, so that it could be of general concern. 
A significant gap between fusion and polymerization 
temperatures is important in some applications of 
bismaleimides and our data show that the use of impure 
monomers can be advantageous in this context, as well 
as being less expensive. With the biscitraconimides, VI 
and VII, the situation is more complex as impurities 
reduced the polymerization temperature for VI but had
little effect with VII. The effect on VI was so great that 
polymerization started immediately after melting, at a 
temperature below that found for impure samples of the 
corresponding bismaleimide, IV. This inversion of the 
relative reactivity by impurities may be relevant to earlier 
reports5-8,22 that the thermal polymerization of biscitra­
conimides starts at lower temperatures than those found 
for the corresponding bismaleimides. Bisitaconimides are 
known19 to polymerize readily on melting, so that the 
presence of the itaconimide/citraconimide, X, as a major 
impurity in crude IV may cause the enhanced reactivity 
of crude VI over that for the pure compound.
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Figure 3 D.s.c. scans for bis-4-maleimidophenylmethane
could not be resolved due to rapid polymerization on 
melting. Similar results were obtained using bis-4- 
maleimidophenyl ether obtained by Searle’s method and 
purified using an alumina column. The crude monomer 
showed a melting endotherm at about 170°C followed 
by a broad polymerization exotherm peaking at 240°C, 
but with the pure monomer the melting endotherm at 
180°C was not resolved from the sharp polymerization 
exotherm.
The d.s.c. scans in Figure 4 show the effects of 
purification by preparative h.p.l.c. (which gave samples 
of each compound 99.8% pure) on the thermal behaviour
of the biscitraconimides, VI and VII. The scan for purified 
VI showed a sharp melting endotherm at 190°C followed 
by a broad polymerization exotherm running from about 
275 to 425°C. Crude VI, 76.9% pure, gave a diffuse fusion 
endotherm at about 160°C followed immediately by a 
polymerization exotherm running up to about 350°C. 
Thus, here the crude monomer polymerizes over a 
temperature range considerably lower than found for the 
pure material. In contrast, the scan for pure VII was very 
similar to that for the crude (81.0% pure) material; both 
showed a diffuse liquefaction endotherm at about 75°C 
followed by a broad polymerization exotherm running 
from 250 to 425°C, similar to that found for the pure 
sample of VI.
The bisnadimide monomers, VIII (99.0% pure) and 
IX (97.2% pure), gave very similar d.s.c. scans in which 
sharp melting endotherms, both close to 210°C, were 
followed by broad endotherms attributed to the retro 
Diels-Alder reaction and then the polymerization exo­
therms starting at about 300°C.
DISCUSSION
Synthesis o f  biscitraconimides
Itaconic and citraconic anhydrides are interconvert­
ible18 and dehydration of bisitaconamic acids can give
0 .1  W g '
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Figure 4 Dis.c. scans for the biscitraconimides, VI and VII
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Table 2 Assignment of 13C n.m.r. spectra for the biscitraconimide, VI, and the citraconimide/itaconimide, X
Biscitraconimide, VI Citraconimide/itaconimide, X
Chemical shift (ppm) Assignment Chemical shift (ppm) Assignment
172.7 c h
170.5 c d 170.5 Cd
169.4 Cc 169.4 Cc
168.4 C,
161.4 161.4, 161.2
154.2 154.2, 155.1
145.9 145.9, 145.9
136.0 Aromatic carbons 135.9, 136.2 Aromatic carbons
129.8 129.9, 129.8
127.7 127.2, 128.2
120.6 120.6, 120.5
118.2 . 118.2, 118.5
132.8 c g
128.4 Ce 128.2 c e
122.0 Cf
120.1 Cb 120.5 Cb
33.9 C,
11.1 Ca 11.2 Ca
99.9% pure
0.4 Wg
99.6%
ox
Ixl
99.0%
so 98.1%
o0)
X
96.9%
96.5%
oT3C
UJ
450150 200 250 400300 350
Temperature (°C)
Figure 1 D.s.c. scans for the bismaleimide, IV
intermediate purity obtained by powder blending selected 
quantities of pure monomer with 96.5% pure material 
gave scans similar in shape to that obtained with the 
96.5% material, showing that small quantities of impuri­
ties can have a marked effect on the rate of polymeriza­
tion. These blends showed two adjacent melting endo­
therms due to inadequate mixing. The marked effect of 
only 0.3% impurity leading to a broad polymerization 
exotherm indicates the presence of a powerful inhibitor 
in the crude monomer.
The d.s.c. scans in Figure 2 show the effects of 
impurities on the thermal polymerization of the bismale­
imide, V. Monomer isolated by preparative h.p.l.c. 
(99.8% pure) showed a small, rather diffuse endotherm 
at 83°C, about 10°C below the fusion temperature 
measured on a hotrstage microscope, followed by a 
polymerization exotherm running from about 125 to 
200°C. Crude, 74.6% pure, monomer isolated directly 
from the preparation, although molten below 100°C, 
required a temperature close to 220°C to initiate 
polymerization. D.s.c. scans for samples of intermediate 
purity, obtained by dissolving selected quantities of pure 
and crude material in acetone and then removing this by 
evaporation, showed that although the behaviour of V 
was not quite so sensitive to impurities as IV, decrease 
in purity leads to an increase in the temperature at which 
polymerization starts in the d.s.c. experiment and it is 
clear that the crude material from the monomer prepara­
tion contains a polymerization inhibitor.
Reagent grade (95% pure from Aldrich Chemical Co.) 
bis-4-maleimidophenylmethane gave a d.s.c. scan (Figure 
3) showing a melting endotherm quickly followed by a 
polymerization exotherm running from about 160 to 
260°C. Purification by passing a solution through an 
alumina column followed by recrystallization produced 
100% pure material which gave a d.s.c. scan similar in 
shape to that obtained using pure IV and in which the 
melting endotherm and the polymerization exotherm
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m.p. 210-214°C (lit.13 m.p. =  210-225°C). Calculated for 
C42H 32N 20 8S: C, 69.60; H, 4.45; N, 3.86%. Found: C, 
69.85; H, 4.75; N, 3.85%. dH (ppm from TMS): 8.1-6.9 
(16 H, m, A r-H ), 6.22 (4 H, s, unsat. C -H ), 3.48 (4 H, 
s, bridgehead H), 3.32 (-, s, ring junction H), 1.60 (4 H, 
s, 2 x bridge CH 2).
Bis-4-(3-nadimidophenoxy)phenylsulphone, IX  
The crude imide, 14.1 g, was prepared from bis-4-(3- 
aminophenoxy)phenylsulphone, 10.0 g, and nadic an­
hydride, 7.6 g, in the same way as described for VIII. 
Then, crude imide was dissolved in boiling chloroform, 
treated with activated charcoal, filtered and then recrys­
tallized from this solution after addition of a little 
methanol. This gave the imide as a white powder, 97.2% 
pure, m.p. 210-215°C. Found: C, 69.49; H, 4.38; N, 
3.74%. C42H 32N 20 8S requires: C, 69.60; H, 4.45; N, 
3.86%. <5h (ppm from TMS): 8.2-6.8 (16 H, m, A r-H ),
6.20 (4 H, s, unsat. C -H ), 3.45 (4 H, s, bridgehead H), 
3.33 (-, s, ring junction H), 1.59 (4 H, s, 2 x bridge CH2).
RESULTS
Monomer synthesis
The bismaleimides, IV and V, were prepared by a 
modification of Searle’s16 method in which the maleamic 
acids were obtained by treating the diamines with maleic 
anhydride, using dimethylformamide as the solvent, and 
then warming the amic acid solutions with sodium acetate 
and acetic anhydride to effect cyclization. Elemental 
analysis showed these products to be impure and 
purification could not be effected by recrystallization. 
Washing with poor solvents effected some purification of 
compound IV so that the results of elemental analysis 
now fell within acceptable limits, but analysis by h.p.l.c. 
showed this material to be only 96.5% pure; purification 
to 99.9% was effected by preparative h.p.l.c. The purity 
of crude V (75% pure by analytical h.p.l.c.) was not 
improved by solvent washing, but 99.8% pure material 
was obtained by preparative h.p.l.c.
The biscitraconimides, VI and VII, were obtained by 
treating the diamines with citraconic anhydride, using a 
mixture of toluene and dimethylformamide as the solvent, 
and then heating to reflux in the presence of p- 
toluenesulphonic acid as catalyst to effect conversion of 
the amic acids to the imides. Purification of these 
compounds could not be effected by recrystallization or 
solvent treatment, but was achieved by preparative 
h.p.l.c., which gave samples of each monomer 99.8% 
pure. The crude product from which pure VI was isolated 
contained about 25% of an isomeric impurity, which was 
isolated by preparative h.p.l.c. (99.1% pure) and exam­
ined further. This material gave an F.T.i.r. spectrum very 
similar to that of VI, but showing significant differences 
in the region between 2900 and 3100cm-1 associated 
with C -H  bond vibrations. The isomer’s XH n.m.r. 
spectrum (Table 1) was very similar to that of VI in the 
region for aromatic protons but showed additional 
resonance peaks in the aliphatic region indicating the 
presence of -C H 2-  and = C H 2 groups as in an 
itaconimide, together with peaks for the -C H 3 and 
>  C = C H - protons of the citraconimide ring, also shown 
in the spectrum of VI. Integration of this spectrum 
showed the presence of one methyl group as compared 
with the two methyl groups shown by integration of the
Table 1 Assignment of n.m.r. spectra of the biscitraconimide, VI, 
and the citraconimide/itaconimide, X
Chemical shift 
(ppm) Multiplicity Assignment Integral
Biscitraconimide, VI
8.2-7.1 multiplet Aromatic H 16 H
6.81 doublet He 2 H
2.08 doublet Ha 6 H
Citraconimide/itaconimide, X
8.2-7.0 multiplet Aromatic H 16 H
6.50 multiplet He and Hfl 2 H
5.77 triplet Hf2 1H
3.52 triplet Hj 2 H
2.18 doublet Ha 3 H
spectrum from VI. Thus, the isomer appears to have the 
citraconimide/itaconimide structure X, and this was 
confirmed by 13C n.m.r. measurements:
I |
VI
These (Table 2) showed a doubling of the two resonances 
due to the carbonyl carbon atoms, indicating the presence 
of two different imide rings in X, as compared with the 
two carbonyl resonances due to the pair of identical imide 
rings in VI. The resonances due to aromatic carbons in 
X show a similar doubling due to the presence of different 
imide rings attached to the ends of the same aromatic 
residue found in VI. The spectrum of X shows signals 
assigned to the CH3— and > C = C H -  carbon atoms of 
the citraconimide ring, also found in VI, together with 
resonances due to the CH2= C <  and -C H 2-  carbons 
present in the itaconimide ring of X.
The bisnadimides, VIII and IX, were obtained by 
treating the diamines with nadic anhydride and then 
removing water by azeotropic distillation in the presence 
of p-toluenesulphonic acid to effect cyclodehydration. 
They were not subjected to rigorous purification.
D .s.c. measurements
These were used to investigate the effect of purity on 
the thermal polymerization characteristics of the bismale­
imides and the biscitraconimides. The d.s.c. scan (see 
Figure 1) for the purest (99.9%) sample of the bismale- 
imide, IV, showed a sharp endothermic peak at 221°C, 
corresponding to the melting point observed at 220°C 
using a hot-stage microscope, accompanied and followed 
immediately by a narrow exothermic peak. Further 
investigation17 showed that the product of such thermal 
treatment was an insoluble resin, so that the exothermic 
peak is due to polymerization. The two peaks could not 
be resolved, showing that polymerization starts as the 
imide melts, and the narrow shape of the exotherm shows 
that polymerization then occurs very rapidly. With the 
96.5% pure monomer, obtained by washing crude 
product with acetone, the d.s.c. scan showed a sharp 
melting endotherm quickly followed by a broad polymer­
ization exotherm indicating a rate of cure much lower 
than that found for the pure monomer. Samples of
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it should also be possible to select compounds showing 
a substantial gap between the melting and polymerization 
temperatures.
This paper reports the synthesis and characterization 
of two bismaleimides, structures IV and V, two biscitra­
conimides, VI and VII, and two bisnadimides, VIII and 
IX, in which the imide groups are attached to the ends 
of aromatic residues with the four-ring structures, A or 
B. Samples of the bismaleimides and the biscitracon­
imides were purified by preparative h.p.l.c. to obtain 
material for kinetic studies and it was found that 
this had marked effects on their thermal polymerization 
characteristics as indicated by d.s.c. measurements. 
Structures IV, V and VIII have been mentioned pre­
viously11-13 but little analytical data were presented 
and no attempt at purification made.
EXPERIMENTAL
Fusion temperatures were measured using a Koffler 
hot-stage microscope. Infra-red spectra were recorded 
with a Perkin-Elm er 1750 F.T.i.r. spectrometer inter­
faced with a Perkin-Elm er 7300 computer; the samples 
were presented as KBr discs. 1H and 13C n.m.r. spectra 
were obtained using a Bruker WH90 F.T.i.r. spectro­
meter. D.s.c. was performed at 10°Cmin-1 in nitrogen 
using a Du Pont 910 calorimeter interfaced with a Du 
Pont 9900 computer/thermal analyser. Analytical h.p.l.c. 
was performed using Waters equipment with a silica 
column and a u.v. detector running at 280 nm linked to 
a computing integrator. The liquid phase was h.p.l.c. 
grade methylene chloride containing 2% v/v h.p.l.c. 
grade tetrahydrofuran.
Purification o f bisimides by preparative h.p.l.c.
This was performed using Waters equipment fitted with 
a silica column and a refractometer-type detector; the 
liquid phase was h.p.l.c. grade methylene chloride 
containing 2% v/v h.p.l.c. grade tetrahydrofuran. Sam­
ples of the crude imides, 1-10 g in 75 ml solvent, were 
loaded onto the column and then eluted in batches. Each 
batch was analysed by h.p.l.c. and only those with purity 
greater than 99% were combined to give the final 
product. This was washed with dilute ferrous sulphate 
solution and with water, then dried over sodium sulphate 
and the solvent removed by evaporation.
Bis-4-{4-maleimidophenoxy)phenylsulphone, IV
Maleic anhydride, 33 g, was added to a solution of 
bis-4-(4-aminophenoxy)phenylsulphone14, 73 g, in 220 
ml dimethylformamide, which was stirred under nitrogen. 
The reaction mixture was cooled and the addition 
controlled so that the temperature did not exceed 15°C. 
After stirring for 1 h at room temperature, 11 g an­
hydrous sodium acetate and 52 g acetic anhydride were 
added and the mixture stirred for 1 h at 55°C. The 
product, 93 g after washing and drying, was isolated by 
pouring the reaction mixture into methanol. A portion 
of this product, 10 g, was washed in succession with 
100 ml portions of methanol, carbon tetrachloride, 
acetone and ether to give (after drying) 5.5 g of a yellow 
powder, which analysed correctly for C, H and N, but 
was only 96.5% pure by h.p.l.c. Purification by h.p.l.c. 
gave yellow crystals, 99.9% pure. Found: C, 64.61; H, 
3.28; N , 4.67%. C32H 20N 2O 8S requires: C, 64.86; H,
3.40; N, 4.73%. (ppm from TMS): 8.3-6.9 (m, A r-H ),
7.20 (s, unsat. C -H ).
Bis-4-(3-maleimidophenoxy)phenylsulphone, V 
This was prepared from bis-4-(3-aminophenoxy)- 
phenylsulphone15, 30 g, and maleic anhydride, 13.6 g, 
using the method described above for IV, but without 
washing with solvents. The yield of crude product (74.6% 
pure by h.p.l.c.) was 30 g. M.p. =  90-100°C (lit.12 m.p. 
90-100°C). Preparative h.p.l.c. gave material 99.8% 
pure, m.p. =  93-100°C. Found: C, 64.68; H, 3.41; N, 
4.70%. C32H 20N 2O 8S requires: C, 64.86; H, 3.40; N, 
4.73%. <5h (ppm from TMS): 8.2-6.9 (m, A r-H ), 7.18 (s, 
unsat. C-H ).
Bis-4-(4-citraconimidophenoxy)phenylsulphone, VI 
Citraconic anhydride, 21.7 g, was added with stirring 
to a cooled solution of the bis-4-(4-aminophenoxy)- 
phenylsulphone, 41.8 g, in 50 ml toluene and 50 ml 
dimethylformamide at such a rate that the temperature 
did not exceed 15°C. After addition was complete the 
reaction mixture was stirred at room temperature for 1 h. 
Then 0.45 g p-toluenesulphonic acid was added and the 
mixture heated under reflux for 5 h, collecting the water 
evolved in a Dean and Stark trap. The product was 
poured into methanol and the solid obtained was washed 
and dried to give 42 g of a grey powder: m.p. =  151— 
155°C, 76.9% pure by h.p.l.c.. Preparative h.p.l.c. gave 
99.8% pure material, m.p. =  190-193°C. Found: C, 
65.59; H, 3.97; N, 4.22%. C 34H 24N 20 8S requires: C, 
65.80; H, 3.90; N, 4.51%. <5H (ppm from TMS): 8.2-7.1 
(16 H, m, A r-H ), 6.81 (2 H, d, unsat. C -H ), 2.08 (6H, 
d, 2 x Me).
4-(4-Citraconimidophenoxy)phenyl-4-(4-itaconimido- 
phenoxy)phenylsulphone, X
This was separated from the crude product of the 
bis-citraconimide preparation by preparative h.p.l.c.; 
m.p. =  202-210°C, 99.1% pure. Found: C, 65.35; H, 
4.22; N, 4.22%. C34H 24N 20 8S requires: C, 65.80; H, 
3.90; N, 4.51%.
Bis-4-(3-citraconimidophenoxy)phenylsulphone, VII 
This was prepared from bis-4-(3-aminophenoxy)- 
phenylsulphone, 50 g, and citraconic anhydride, 26 g, 
using the method described above for VI, but removing 
some impurities by dissolving the crude product in 
methylene chloride, boiling with activated charcoal, and 
precipitating into methanol. The yield of dried material 
(81% pure) was 8 g. Preparative h.p.l.c. gave material 
99.8% pure, m.p. 79-85°C. Found: C, 65.73; H, 3.90; 
N, 4.49%. C 34H 24N 20 8S requires: C, 65.80; H, 3.90; N, 
4.51%. <5h (ppm from TMS): 8.3-7.0 (16 H, m, Ar-H), 
6.80 (2 H, d, unsat. C -H ), 2.07 (6 H, s, 2 x Me).
Bis-4-(4-nadimidophenoxy)phenylsulphone, VIII 
Nadic anhydride, 22.7 g, dissolved in 50 ml toluene 
plus 20 ml dimethylformamide was added with stirring 
to a solution of bis-4-(4-aminophenoxy)phenylsulphone 
in toluene, 55 ml, and dimethylformamide, 20 ml, at such 
a rate that the temperature did not exceed 30°C. 
p-Toluenesulphonic acid, 3 g, was added and the mixture 
heated to reflux for 20 h, removing water with a Dean 
and Stark trap, after which it was poured into methanol 
to isolate the imide. The yield was 49 g, purity 99.0%,
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Two aryl bismaleimides and the corresponding biscitraconimides, in which the imide groups were attached 
to the ends of aromatic residues containing four phenylene rings, were prepared and then purified by 
preparative high-performance liquid chromatography. Rigorous purification in this way was found to have 
marked effects on the thermal polymerization characteristics of these compounds as determined by the 
differential scanning calorimetry technique. The polymerization of bis-4-maleimidophenylmethane and of 
bis-4-maleimidophenyl ether was also affected by rigorous purification. Samples of the corresponding two 
bisnadimides containing four phenylene rings were also prepared.
(Keywords: bismaleimides; biscitraconimides; bisnadimides; purification; polym erization; differential scanning calorim etry)
INTRODUCTION
Many aryl bismaleimides (structure I) have been pre­
pared as monomers for crosslinked resin systems, and 
resins based on bis-4-maleimidophenylmethane (Ar = 
4,4'-diphenylenemethane in I) are available commer­
cially1. Most of these compounds have melting points 
greater than 150°C and close to the temperature at which 
thermal polymerization starts2, so that typical d.s.c. scans 
for these monomers show a sharp melting endotherm 
quickly followed by a broad exothermic reaction peak 
due to polymerization and crosslinking, The close 
proximity of the melting and polymerization tempera­
tures may lead to difficulties in using the d.s.c. technique3 
for investigating the kinetics of polymerization of these 
compounds and can cause problems in their use as 
monomers for composites2. Hence, we were interested to 
find bismaleimides with melting points below 100°C, 
which were expected to show a substantial temperature 
gap between melting and the start of polymerization. We 
also wanted to examine monomers containing a high 
proportion of phenylene to maleimide residues in the 
hope of obtaining crosslinked resins of improved thermal 
and oxidative stability.
Another way of increasing the temperature gap 
between melting and polymerization is to increase the 
temperature at which polymerization starts. Information 
on the polymerizability of arylcitraconimides is conflict­
ing. Thus, it has been reported4 that AT-phenylcitracon- 
imide does not polymerize in solution with free-radical 
initiators, but other workers report that biscitracon­
imides polymerize at temperatures lower than those
* To whom correspondence should be addressed
0032-3861/91/0200358-06 
©  1991 Butterworth-Heinemann Ltd.
358 POLYMER, 1991, Volume 32, Number 2
found for the corresponding maleimides5-8. However, on 
general grounds citraconimides would be expected to 
polymerize less readily than the corresponding male­
imides, and as the melting points of the two types of 
compound are similar, e.g. iV-phenylmaleimide m.p. 
91 °C, and A-phenylcitraconimide m.p. 98°C, biscitra­
conimides (structure II) should show a larger temperature 
gap between melting and polymerization than the 
corresponding bismaleimides. The thermal curing of 
bisarylnadimides to crosslinked resins is a complex 
process (see for example ref. 9) in which polymerization 
is preceded by a reversed Diels-Alder reaction forming 
maleimide groups, which then act as key monomers in 
the subsequent polymerization10. Reversion of the D iels- 
Alder reaction requires temperatures in excess of 250°C 
so that with monomers of this type (structure III)
IV= I, Ar = A ; V = I, Ar = B ; VI = II, Ar = A ; VII = II, Ar = B 
vm = m, Ar = A ; EX = m, Ar = B.
Synthesis and characterization of poiybenzimidazoies: T. Brock et a I.
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